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Genes and gene regulation, the basics 
DNA is the blueprint for rRNA, mRNA, tRNA and sRNA synthesis in all living 
organisms. The mRNA is translated into proteins in a process in which other RNA types, 
proteins and other compounds play important roles. The level of mRNA transcripts in the 
cell depends on the transcription, dilution and degradation rate. Especially the transcription 
rate is tightly controlled in order for the organism to be able to adapt to changing 
environments until the optimal transcript level is established. This optimal level of 
transcripts is a delicate equilibrium of many factors in the cell. These factors vary from 
compound- and protein concentrations, to their activity and stability to physical parameters 
like temperature and pH. Transcription factors (TFs) and transcription factor binding sites 
(TFBSs) play central roles in the regulation of transcript formation and, thus, gene 
expression (Fig. 1).  
This thesis describes the development of genome mining tools and of methods to 
analyze and visualize gene expression at the genomics scale. The methods can be used for 
prokaryotes in general. We have chosen one specific bacterium, Lactococcus lactis, to 
exemplify the strengths of the developed methods. In the introduction to this thesis we 
discuss the state-of-the-art of bioinformatics tools and databases of prokaryotes and L. 
lactis in particular. Subsequently, we use this information to reconstruct and visualize gene 
regulatory networks in L. lactis. 
 
Lactococcus lactis, a true model but also in-silico 
Since approximately 10.000 years humans have consumed fermented milk products 
as a rich source for proteins, small peptides, amino acids, fatty acids, calcium and other 
valuable nutrients. During the fermentation of milk by lactic acid bacteria (LAB) the milk 
sugar lactose is converted to lactic acid; the consequent acidification prevents food spoilage 
and is probably the major driving force of the success of fermented milk products. Although 
other food preservation methods are applied, acidification is still the major growth inhibitor 
of food spoilage or pathogenic microorganisms. The global market for milk and dairy 
products is estimated at € 280 billion (IMIS Euromonitor 2010) and is still growing due to 
proclaimed health advantages of these products and increasing vegetarianism, but also to 
emerging markets in India and China. Dairy companies are increasingly developing different 
tools to reduce costs, increase profit margins and adopt products and product flavors to the 
rapidly growing Asian market (BUSINESS WIRE, Research and Markets, March 14, 2011). 
 To gain more insights in flavor formation, intensive research is taking place to unravel 
genomes, transcriptomes, proteomes and (bio-) chemical pathways in the organism in 
question, the various species of LAB used in the dairy industry. The Holy Grail would be to 
be able to build a predictive in silico model of each bacterial species used in milk 
fermentation, which more often than not involves complex mixtures of such species and 
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even strains. Probably this goal will not be reached soon, not even for one of the 
organisms, but recent work has already led to models describing relatively simple processes 
in the lactic acid bacterial cell. At the basis of this research is the availability of genome 
sequences of LAB. Examples of all species of LAB have been sequenced to completion. One 
of the paradigms of LAB is Lactococcus lactis, used throughout the world in the production 
of a large variety of cheeses and buttermilk. Several L. lactis genomes have been sequenced 
but only a few are currently available in the public domain (from the strains MG1363, 
IL1403, SK11 and KF147) at “The Integrated Microbial Genomes (IMG) system” [1].  
 
Gene prediction 
With the introduction next generation sequencing (NGS) it has becomes relatively 
easy to (re-) sequence bacterial genomes.  If a genome is re-sequenced, the millions of 
sequence reads can be aligned to the known sequence or to the genome sequence of a 
closely related strain. If no genome template sequence is available this de novo sequencing 
mostly results in scaffolds due to the presence of repetitive DNA elements longer than the 
sequence reads. Subsequent laborious PCR techniques are needed to merge the scaffolds 
to one single contig. Once the genome sequence is assembled, it is annotated for the pres-
ence of genes. Splicing of mRNA is rare in prokaryotes, which implies that prediction of a 
protein encoding gene (open reading frame (ORF)) should be simple and straight forward 
process. Although gene prediction methods (Table 1) correctly predict up to 90% of the 
genes in most prokaryotes, still quite a number of genes are incorrectly called or missed 
[2]. All methods struggle with predicting the correct translation start site (AUG, GUG or 
UUG) and use Shine-Dalgarno Ribosomal Binding Site (RBS) motifs to improve this predic-
tion. An important difference between coding and non-coding DNA regions is the GC con-
Table 1. The most commonly used gene prediction programs for prokaryotes.  
 
 
PRODIGAL [2] TICO [7] 
GeneMarkHMM [4]   Easygene [8] 
Glimmer 3 [5] MED 2.0 [9] 
TriTISA[6]  
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 1 
tent, which is higher in the coding region, and this phenomenon has been used to improve 
ORF prediction. For each organism this bias can be calculated after which it is used to de-
tect the transition from non-coding to coding regions in DNA. Furthermore, current predic-
tion methods use an ORF length threshold of 90-120 base pairs, because of the high rate of 
false predictions of smaller genes. Prediction of a small ORF (less than 120-150 bases) is still 
very complicated and in annotation processes small ORFs are habitually discarded when the 
derived putative products do not show homology to known proteins. Especially for small 
genes that are omitted in genome annotations and which potentially encode bacteriocins, 
BAGEL2 (this thesis Chapter 5 [3]) can be used. This program finds small bacteriocins genes 
by taking specifically  the genomic context into account (see below). The main resources for 
annotated genomes, NCBI, EBI and JGI, offer, next to the original annotation, also various 
tools for alternative ORF prediction (Table 1). These multiple ORF predictions are useful for 
bioinformatics research but are rather confusing for the biologist. One solution for this 
problem would be to use the current power of next generation sequencing (NGS) to se-
quence the mRNA (RNA-seq), although the exact translation initiation site is not established 
in this way. RNA-seq is more suitable for detection of transcription start sites, transcript lev-
els, small RNAs and the elucidation of operon structures.  
 For ORF prediction in prokaryotic genomes various methods can be used (Table 1). 
Normally these programs return a FastA formatted file as the end product, but for genome 
context mining the organization of the genome is also needed. Therefore these files must 
be in a format that includes information on genomic organization such as the Genbank or 
EMBL format. The BAGEL2 (this thesis, Chapter 5) and BASys (Bacterial Annotation System) 
web servers perform automated annotation of bacterial genomes and produce files in Gen-
bank format. Artimis [10] is a popular program for the in depth annotation of bacterial ge-
nomes and can export results in Genbank format. Its drawback is that it is very laborious 
when annotating a high number of samples; it is not suitable for high-throughput approach-
es. Alternatively, genome data can be submitted at NCBI (www.ncbi.nlm.nih.gov) or at the 
Doe Joint Genome Institute (www.jgi.doe.gov/) where the un-annotated data will be pro-
cessed upon request. 
 
Annotation of small ORFS; discovery of lantibiotics and other bacteriocins us-
ing the genomic context  
As mentioned above, small ORFs are commonly omitted in the annotation process 
of bacterial genomes when their deduced products have low homology to existing proteins. 
Especially the small genes encoding antimicrobial proteins known as bacteriocins are fre-
quently absent in annotated genomes.  
Bacteriocins are compounds of high interest to researchers in biotechnology and medicine, 
because of numerous (potential) applications based on their potent anti-microbial activity. 
Chapter 1 
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Figure 1. Schematic overview of transcription and translation in bacteria.  
Abbreviations: Transcription Factor (TF), Transcription Factor Binding Site (TFBS), Transcription Start Site (TSS), -
35 -10 are the conserved DNA binding sites for the RNA polymerase, Ribosomal Binding Site (RBS), Transcrip-
tion Terminator (TT), Co-factors are molecules that influence the TF activity, P is the phosphorylation process.  
Next to application as food preservatives (1) bacteriocins can be used for the development 
of novel antibiotics (2). Genes encoding proteins involved in bacteriocin regulation, self-
immunity, transport and modification in their close genomic proximity to bacteriocins 
genes. Screening for bacteriocin production by bacteria is a challenging endeavor due to 
the huge screening space (number of potential producer strains X number of potential ex-
pression conditions). To be able to limit the number of potential producers by using predic-
tions from genomic data would be a valuable step in the search for and exploitation of new 
bacteriocins. The availability of more and more genomic data should be a good starting 
point for the discovery of novel bacteriocins. Bacteriocin genes can be mined directly from 
genomic data using homology between the encoded bacteriocins, bacteriocin motifs, or, 
even more importantly, bacteriocin accessory genes like those for biosynthesis, processing 
and secretion. Until now, only a few bacteriocins have been discovered by genome mining. 
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ited to larger bacteriocins and subgroups of bacteriocins that show high amino acid se-
quence homology. Screening for proteins on the basis of conserved motifs is a good alter-
native, especially for small bacteriocins, but will certainly not uncover all of them, due to 
the poor conservation of amino acid sequences among bacteriocins. To enhance the relia-
bility of the predictions and to also predict to which class the disclosed bacteriocins belong, 
it is essential that the genomic context of a bacteriocin gene is taken into account. Also, this 
genomic context is bacteriocin class-dependent. In close proximity to bacteriocin genes can 
be located: genes encoding bacteriocin modification, regulation, leader processing, 
transport and/or immunity proteins. The current understanding of bacteriocins provides a 
set of general (class-dependent) and more specific (subclass-dependent) features, which 
can be exploited to explore the vast amount of genomic sequences for the presence of bac-
teriocin genes.   
 
Bioinformatics tools to disclose bacteriocins 
The proper analysis tool to determine whether a protein is a bacteriocin strongly 
depends on the size of the bacteriocin. For proteins larger than 200 amino acid residues an 
alignment algorithm like BLAST is sufficient to determine if a protein is a bacteriocin or not, 
because large bacteriocins are more conserved in sequence than small ones. In these cases 
no specialized bacteriocin database is needed besides the standard nr-database (non-
redundant DNA and proteins database of NCBI) available at the NCBI BLAST server (http:// 
http://blast.ncbi.nlm.nih.gov/Blast.cgi). For blast-searching smaller proteins (< 200 aa) this 
database is not suitable and a dedicated database is needed. Two bacteriocin databases 
and one more general database are freely accessible for this purpose, i) the BACTIBASE da-
tabase [11] holds most known bacteriocins and offers tools like BLAST and a Hidden Markov 
Model (HMM) for classification of bacteriocins, ii) BAGEL2, which offers an extensive data-
base that allows BLAST searches and automated screening of genomes for bacteriocin 
genes with class prediction,  iii) PIRSF contains a complete database of proteins and allows 
good filtering for keywords which is why it can be useful to specifically screen for bacterioc-
ins. The advantage of the bacteriocin-specific databases is that higher cutoff E-values for 
BLAST searches can be used to find bacteriocins with low homology, which are not masked 
by loads of non-bacteriocin like proteins. The description of the two-component lantibiotic 
haloduracin by McClerren et al [12] is an example of a discovery solely based on low amino 
acid sequence homology. The drawback of using dedicated databases is that interesting en-
tirely novel bacteriocins without homology to known ones will not be found using BLAST.  
 
Mining for conserved protein domains   
In genome annotation projects, functions of proteins are routinely assigned using 
conserved protein sequence patterns. Many databases that include intelligent search and/
Chapter 1 
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or mining tools are available nowadays via web interfaces (Table 2). Some annotation serv-
ers contain no or only one bacteriocin peptide-specific pattern, whereas others contain up 
to eleven conserved bacteriocin domains. The ExPASy-PROSITE proteomics server enables 
to screen for bacteriocin with class IIa family signatures, but does not contain signatures for 
other types of bacteriocins. TIGRFAM, PRINTS and PFAM contain more conserved protein 
domains based on bacteriocin alignments. Because these databases do not fully overlap, 14 
unique bacteriocin protein patterns could be deduced. 
 
Table 2. Online databases suitable for bacteriocin analysis using conserved protein domains. 
 
 









Screening the genomic context 
The methods mentioned above allow screening for bacteriocins that have either ho-
mology with known bacteriocins or contain at least one or more of the conserved bacterioc-
in motifs. To mine for novel bacteriocins with low or no homology to known ones, the ge-
nomic context of small ORFs can be screened for genes putatively involved in the synthesis, 
regulation, transport, processing and/or immunity of bacteriocins. From literature it is 
known that these context genes are conserved between a broad range of bacterial species. 
Genes encoding the modification enzymes of lantibiotics have been successfully used to 
screen genomic data and identify new bacteriocins. Begley et al [13], for instance, describe 
the discovery of lichenicidin by mining for the gene of the modification enzyme LanM. 
 
The bacteriocin mining tool BAGEL2 
The BAGEL2 webserver, which is the follow-up of BAGEL [14], is still the only availa-
ble fully automated tool allowing genome mining for bacteriocins; several recent publica-
tions have used BAGEL and BAGEL2 successfully [3, 15, 16]. This web-based tool is special-
ised in mining genomes for bacteriocins using a combined approach of homology searching 
in a bacteriocin database and screening for bacteriocin motifs and genome context. BAGEL2 
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bacteriocin mining process. If the resource is a DNA sequence then ORF calling is required 
to deduce the proteins, for which a good algorithm is available on the BAGEL2 website. A 
typical result of a putative bacteriocin gene and its context genes is shown in Figure 1, 
where BAGEL2 annotated three context genes as encoding LanT, LanM and an ABC-
transporter. Furthermore, detailed information of the putative bacteriocin is given, includ-
ing a scoring table showing the most important features that contributed to the positive hit.  
 
 
High-throughput data mining  
The number of completely sequenced genomes is increasing fast but more and 
more of these genome sequences remain unfinished, especially those obtained from meta-
genomics projects. Although many genomes may be far from complete they are still very 
interesting data sources for bacteriocin mining. The NCBI Entrez Genome Project database 
consists of complete and incomplete “in-progress” genome sequences. Currently 
(December 2011), 3215 prokaryote genomes are available in this database. High-
throughput screening in these kinds of sequence data is possible with the stand-alone ver-
sion of BAGEL2 (available on request at http://bagel2.molgen.rug.nl).  
Figure 2. Genomic context of a putative bacteriocin    
BAGEL2 report for the putative bacteriocin SPN23F_12701 of Streptococcus pneumoniae ATCC 700669. In the 
protein sequence the leader sequence is indicated in green while the amino acids involved in dehydratation 
and/or lanthionine ring formation are shown in red and blue.  The bacteriocin gene is indicated in green in the 
genome map. 





An operon is defined as a cluster of genes transcribed into one mRNA, a polycistron-
ic messenger. To accurately predict operons purely on the basis of genome sequences is 
still a challenging task. Using gene direction, gene spacing and transcription terminator pre-
diction programs in combination with comparative genomics, up to 95% accuracy of operon 
prediction can be achieved [17]. Operon information is not given in standard genome anno-
tation files such as Genbank or EMBL, but is available via databases such as PRODORIC or 
Microbes-online. Alternatively tools are available to predict operons (Table 3). UNIPOP pro-
vides an easy, quick and accurate way for the de novo annotation or re-annotation of oper-
ons. DOOR uses the algorithm developed by Dam [18], which is believed to be the most ac-
curate prediction method to date, as described in an intensive comparative study [19]. Mi-
crobesOnline is a product of the “Virtual Institute for Microbial Stress and Survival”; it pro-
vides predicted operons for 620 genomes while OperonDB contains predicted operons for 
550 genomes. RegulonDB basically provides E. coli operons and DBTBS those for B. subtilis; 
both are mainly based on laboratory experiments.  
 
Transcription factors 
Transcription of DNA to mRNA can be activated or repressed when a transcription 
factor (TF) binds to a specific cis-regulatory DNA element, the transcription factor binding 
site (TFBS), in the promoter region of a gene or operon. The region in a TF that is involved in 
DNA binding often consists of a conserved Helix-Turn-Helix secondary structure, a motif 
that is prevalent in TFs of prokaryotes [27]. Furthermore, it is common that a co-factor 
molecule is required for TF activity e.g. branched-chain amino acids (BCAAs) for CodY of L. 
lactis [28]. Such a co-factor influences the secondary or tertiary structure of the TF and thus 
Table 3. Prokaryote operon prediction programs, databases and algorithms 
System Method
UNIPOP [20, 21] Program





RegulonDB [25] Database for E. coli
DBTBS [26] Database for B. subtilis
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 1 
its DNA binding capability. When the TF binds to its binding site in DNA it acts as an 
activator or repressor by enhancing or inhibiting the activity of RNA polymerase. Some TFs 
can act as either repressor or activator depending on the position of the TFBS relative to 
the binding site of RNA polymerase [29]. A special class of TFs is formed by the so-called 
two-component systems, where a dedicated sensory kinase activates its cognate TF by 
phosphorylation [30]. 
 
Transcription regulators in Lactococcus lactis 
 To come back to our favorite pet organism L. lactis: the genome of L. lactis subsp. 
cremoris MG1363 contains 154 annotated TF genes. Among these, 32 have been studied in 
either L. lactis MG1363 or in L. lactis subsp. lactis IL1403 and of these, 7 genes encode TFs 
that are members of a two-component system (Table 4). Another 55 TFs have high homolo-
gy to regulators in other bacteria with known function (not shown) while 68 are putative 




 Genes or operons that are under the control of the same TF are members of the regu-
lon of that TF. Although regulon prediction methods have been substantially improved, 
they are still far from perfect. A relatively small number of TFs have been studied in detail in 
L. lactis and the same accounts for other well-studied microorganisms such as E. coli and B. 
subtilis. By using comparative genomics, regulons can be predicted in bacterial genomes. 
Although this is true for many regulons, the procedure can also lead to incorrect regulon 
calling. Comparative genomics fails for the diverged regulon of the B. subtilis TF CodY, 
which regulates quite a different set of genes than does CodY of L. lactis. Despite this draw-
back several regulon databases are available that are based on comparative genomics pre-
diction of regulons (Table 5). Probably the most extended and accurate databases of regu-
lons are DBTBS (DataBase on Transcriptional regulation in Bacillus Subtilis) and RegulonDB. 
RegulonDB is the oldest and is specifically developed for E. coli K12. It is updated on a regu-
lar basis starting from 1998 [25]. Furthermore, the RegulonDB web server offers the Nebu-
lon regulon mining tool for a limited number of other prokaryotes. The first release of the 
database of transcriptional regulation in B. subtilis (DBTBS) dates from 1999; DBTBS is regu-
larly updated [26]. The latest update brought the total number of B. subtilis TFs to 120, pro-
moters to 1475 and regulated operons to 736 [26]. In total 463 of these operons have been 
experimentally validated either through RT-PCR or by RNA sequencing. The most compre-
hensive manually curated regulon database of L. lactis is MolgenRegDB, which is available 
via the PePPER webserver (http://pepper.molgenrug.nl) (this thesis Chapter 6). Together, 
RegulonDB, DBTBS and MolgenRegDB are currently the major resources for regulon net-
Chapter 1 
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work mining dedicated to prokaryotes. PRODORIC [64] is the most extended generic and 
manually curated database on gene regulation in prokaryotes in general. Besides regulon 
information it includes TFBSs and bioinformatics tools for prediction, analysis and visualiza-
tion of gene regulatory networks using ProdoNet [65].  The recently launched web server 
RegPrecise [66] gives access to a database containing a collection of manually curated regu-
lons grouped together by similar properties such as TFs, biological process and metabolic 
pathway. The database is limited to six taxonomic groups of closely related organims 
(Shewanella, Staphylococcus, Streptococcus, Thermotogales, Bacillales and Desulfovibri-
onales).    
Regulator IL1403 gene MG1363 gene Description Reference
AhrC ahrC ahrC arginine repressor MG1363 [31, 32]
ArgR argR argR arginine repressor MG1363 [31, 32]
BusR busR busR repressor of the osmoprotectant uptake system [33, 34]
CcpA ccpA ccpA catabolite control protein A MG1363 [35]
CesR llrD llrD two-component system: CesSR Cell envelope stress [36]
CodY codY codY global regulator nitrogen metabolism and BCAA MG1363 [28, 37]
ComX comX comX competence regulator ComX [38]
CopR copR copR copper transcriptional regulator IL1403 [39]
CtsR ctsR ctsR repressor of class III stress genes MG1363 [40, 41]
FhuR fhuR fhuR activator of metCcysK operon cmbR IL1403 [42]
FlpA - flpA FNR like protein A MG1363 [43]
FlpB - flpB transcriptional regulator FNR like protein B MG1363 [43]
FruR lacR fruR lactose transport regulator [44]
GadR gadR gadR activates chloride dependent transcription of gadCB [45, 46]
GntR gntR gntR RpiR family transcriptional regulator MG1363 [47]
HdiR ynaB hdiR HTH-type transcriptional regulator HdiR MG1363 [48]
HisZ hisZ hisZ ATP phosphoribosyltransferase regulatory subunit [49, 50]
LlrA llrA llrA two-component system; arginine; acid stress MG1363 [51]
LlrB llrB llrB two-component system MG1363 [51]
LlrC llrC llrC two-component system; acid stress resistance MG1363 [51]
LlrE llrE llrE two-component system; phosphatase expression MG1363 [51]
LlrF llrF llrF two-component systems;oxidative stress MG1363 [51]
LlrG llrG llrG CheY-like and winged-helix DNA-binding domain MG1363 [51]
LmrR ydaF lmrR regulator of lmrCD MG1363 [52, 53]
MalR rliA malR maltose operon transcriptional repressor [54]
PhoU phoU phoU phosphate uptake regulator [55]
PurR purR purR pur operon repressor [56]
PyrR pyrR pyrR pyrimidine operon attenuation MG1363 [57]
RcfB rcfB rcfB catabolite gene activator and cAMP-kinase [58]
SpxA spxA spxA arsenate reductase and related proteins [59, 60]
SpxB spxB spxB resistance of peptidoglycan to hydrolysis [61]
XylR xylR xylR xylose operon regulator [62]
ZitR zitR zitR transcriptional regulator of the zit operon [63]
Table 4. Transcriptional regulators studied in L. lactis MG1363 and/or IL1403 
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Regulons in Lactococcus lactis 
Each of the 154 TFs of L. lactis MG1363 will probably regulate the transcription of 
one or more genes. As mentioned before, the functionality of 32 TFs of L. lactis strains 
MG1363 and/or IL1403 has been reported in literature, using techniques ranging from DNA 
microarray analysis to DNA footprinting. Although the two lactococcal strains are closely 
related, they do differ in the presence of regulators and regulons.  
 Comparative genomic studies showed that large regulons (those of CodY, CcpA, CmbR, 
CesSR, ArgR, and PurR) as well as small regulons (those of RcfB, ZirR, BusR, LmrR) are well 
conserved in the two strains. Likewise, the majority of the TFs are highly conserved between 
MG1363 and IL1403. From the total of 154 TFs in L. lactis MG1363, 22 are not present in  L. 
lactis IL1403 while 20 of the 143 TFs identified in L. lactis IL1403 do not have a counterpart 
in MG1363 (Table 6). Furthermore, some regulators, like CmhR, appear to be less conserved 
(55%) between the two strain and it has been shown (our unpublished results) that the 
CmhR regulons of both strains overlap but are not identical. The conservation of regulons 
between closely related strains is illustrated by the CmbR regulon of cysteine and 
methionine biosynthesis, which has been studied in detail in L. lactis IL1403 [69] and in L. 
lactis MG1363 [70]. Comparative genomics analysis of both CmbR regulons showed that 16 
out of 17 genes in the IL1403 CmbR regulon have orthologs in MG1363 (see Table 7).  
 
 Transcription Factor Binding Sites (TFBSs) 
 The relation between conserved TFBSs in promoter regions and the expression of 
genes was already discovered in 1983 [71]. Experimental methods like Electrophoretic Mo-
bility Shift Assays (EMSA), Surface Plasmon Resonance (SPR), nuclease protection assays 
(DNase footprinting) and Chromatine Immuno Precipitation (ChIP) [72] can all be used to 
prove that an interaction exists between a TF and DNA. Experimentally validated TFBSs have 
been described in literature and are available via publicly accessible databases (DBTBS, Reg-
Webserver Organisms Main Tools TFBS miningref url
DBTBS B. subtilis168 - Yes [26] http://dbtbs.hgc.jp/
RegulonDB E. coli K12 Nebulon Yes [25] http://regulondb.ccg.unam.mx/
Regprecise +/- 50 - No [66] http://regprecise.lbl.gov/
PRODORIC >200 Virtual Footprint Yes [64] http://prodoric.tu-bs.de/
FITBAR >500 PSSM/LLM No [67] http://archaea.u-psud.fr/fitbar/
ProdoNet >500 Network No [65] http://www.prodonet.tu-bs.de
RegAnalyst Myco’s MoPP No [68] http://www.nii.ac.in/~deepak/
PePPER All NCBI Genomics Yes this thesis http://pepper.molgenrug.nl/
Table 5. Main webservers for regulon databases and mining 
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ulonDB, PRODORIC, RegPrecise, PePPER, see above). Besides using experimentation to un-
cover actual protein-DNA interactions, TFBS discovery algorithms have been developed to 
predict conserved DNA regions. This so-called motif mining is based on a collection of genes 
having a correlation; subsequently a search starts for the uncovering of possible conserved 
DNA patterns in the upstream intergenic region of the gene or the operon to which the 
gene belongs. The gene-to-gene correlations can be derived from transcriptome data, regu-
lon data or from functional relations like metabolic pathways, COGs or GO classes. An over-
view of the major prediction algorithms is shown in Table 8.  
 TFBS mining is a complex and challenging task for biologists and bioinformaticians; 
many different approaches in developing TFBS discovery tools are being undertaken and 
progress is very encouraging.  
 
TFBS +  TF  [TFBS-TF]  
The combined data from DNA microarray analysis and high-throughput screening of 
protein-DNA interactions (ChIP-on-Chip) [73] is the major global source for describing the 
majority of the interaction of TFs and the genes they regulate. The sum of all interactions is 
used to reconstruct gene regulation networks (GRNs). More detailed information can be 
retrieved from EMSA and SPR studies on TF-DNA interactions. In addition, footprinting is 
used to locate the exact binding site of the TF on its target DNA. Non-protein regulatory el-
Table 6. Comparative genomics of TF in IL1403 and MG1363 
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ements like microRNA (miRNA) and small interfering RNA (siRNA) have recently been 
identified as being very important in gene regulation in prokaryotes; they can be discov-
ered by deep RNA sequencing [74]. Novel promising techniques are being developed, such 
as in vivo digital genomic footprinting: by mapping DNaseI cleavage sites using massive 
parallel DNA sequencing, the locations of cis-regulatory elements on the genome of Sac-
charomyces cerevisae were uncovered[75]. Novel bioinformatics tools and genetic tech-
niques have led to a valuable resource for GRN reconstruction (see below). 
 
DNA motif mining algorithms  
The putative DNA sequence (TFBS) to which a TF binds can be found by searching 
for overrepresented DNA patterns in upstream DNA regions of genes that show mutual 
expression correlation and/or respond similarly to the deletion of a certain TF gene. Sub-
sequently, the derived DNA patterns are aligned to describe the conservation of nucleo-
tides at each position in the pattern. This pattern can be mathematically described in a 
matrix of Position- Specific Scores (PSS), as shown below. [76-79]. 
Table 7. Comparative genomics of the CmbR regulon in L. lactis strains IL1403 and 
MG1363   
IL1403 gene MG1363 gene IL1403 locus MG1363 locus Description
cysD cysD LL0073  llmg_0091 O-acetylhomoserine sulfhydrylase
cysK cysK LL0782  llmg_1775 Cysteine synthase
cysM llmg_0508 LL0540  llmg_0508 Cysteine synthase
metA metA LL1918  llmg_2182 Homoserine O-succinyltransferase
metB1 metB1 LL1917  llmg_2181 Cystathionine gamma-synthase
metB2 metC LL0181  llmg_1776 Prenyl transferase
plpA plpA LL0318  llmg_0335 Outer membrane lipoprotein
plpB plpB LL0319  llmg_0336 Outer membrane lipoprotein
plpC plpC LL0320  llmg_0338 Outer membrane lipoprotein
plpD plpD LL0321  llmg_0340 Outer membrane lipoprotein
ydcB metN L121289  llmg_0341 amino acid ABC transporter ATP binding protein
ydcD llmg_0343 LL0324  llmg_0343 UPF0397 protein ydcD
yhcE metE2 LL0718  llmg_1849 Putative uncharacterized protein yhcE
yjgC llmg_1593 LL0937  llmg_1593 Amino acid ABC transporter substrate binding
yjgD llmg_1591 LL0938  llmg_1591 Amino acid ABC transporter permease protein
yjgE llmg_1590 LL0939  llmg_1590 Amino acid ABC transporter ATP binding protein





Calculation of the Position- Specific Scoring Matrix (PSSM), on the basis of the alignment 
of DNA patterns. 
 
PSS = 100 x log2 (p/f) 
 
p  =  F/N;  
F = nucleotide frequency at a position in the alignment 
N= number of DNA motifs in the alignment 
f = Tn / Tall 
Tn = frequency of a nucleotide in the alignment 
Tall = Total number of all nucleotides in the alignment 
 





















Table 5 shows the most commonly used tools for finding and aligning these motifs. Subse-
quently, this alignment can be used to discover similar conserved patterns in DNA sequenc-
es. The DNA alignment (Fig. 4A) can be described by an algorithm such as position-specific 
probability matrix (PSPM), position- specific scoring matrix (PSSM), Position Weight Matrix 
(PWM), Position Frequency Matrix PFM, or Hidden Markov Model (HMM).   
PFM is the most basic method to describe a DNA motif; it counts the frequency of each 
base on each position in the motif (Fig. 3B). 
 For the PSSM, the position-specific scores (PSS) in the matrix are calculated by 100 x log2 
(p/f), where p is the probability of a particular letter at that position in the motif, and f is 
the background frequency of the letter. The PSSM is the standard method used by the most 
Figure 3. Example of a DNA motif alignment.  
(A) Four DNA motifs aligned, (B) The frequency of each letter represented in a matrix, (C) the background 
model of occurrences of letters, (D) the PSPM derived from the PFM, (E) the PSSM, (F) the WebLogo of the 
DNA motif alignment 
 F  
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commonly used DNA motif mining tool MEME and is in principle similar to a PWM, where 
the scores are calculated by log2 (p/f).  
 The default visualization of a PSSM or PWM is the WegLogo method [80], which 
shows the DNA motif and the strength of each letter (A,C,T or G) (Fig. 3F). 
The drawback of using position frequency matrices or derivatives is that no gaps are accept-
ed in the DNA motif alignment (Fig. 3). To solve this problem one could use a Hidden Mar-
kov Model (HMM) (Fig. 4), which is based on probability (Bayes) statistics [81]. Such a mod-
el is based on the probability of a letter on each position and the transition probability from 
one position to the next, including the possibility of the presence of a gap. Although HMMs 
are often used in the search for DNA motifs they are more common for describing protein 
motifs. PSSMs or PWMs are supported by databases such as PRODORIC and RegulonDB, 
especially for identifying TFBS.  
Figure 4. Simplified scheme of building a Hidden Markov Model (HMM).  
The first step in building such a model is to allow gaps (indicated as dots) in the alignment of the DNA 
patterns. Starting from the 5’ base the probability of each transition to the first downstream base is describe 
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Classification of genes or proteins 
 For bioinformatics analysis of transcriptome or proteome data it is important to ex-
tend the biological knowledge on genes and proteins with their mutual relations. Some of 
these relations have been mentioned above, such as the organization of genes in operons 
and regulons. The gene ontology (GO) project [82] developed a more universal description 
for gene product characteristics and annotation. The first GO database (released in 1998) 
described gene function in general and was a database combining data from the fruit fly 
(Drosophila), Saccharomyces and Mouse. This initiative proved to be very successful and 
COG-FC COGs Description
Information storage and processing
J 245  Translation, ribosomal structure and biogenesis
A 25  RNA processing and modification
K 231  Transcription
L 238  Replication, recombination and repair
B 19  Chromatin structure and dynamics
Cellular processes and signaling
D 72  Cell cycle control, cell division, chromosome partitioning
Y -  Nuclear structure
V 46  Defense mechanisms
T 152  Signal transduction mechanisms
M 188  Cell wall/membrane/envelope biogenesis
N 96  Cell motility
Z 12  Cytoskeleton
W 1  Extracellular structures
U 159  Intracellular trafficking, secretion, and vesicular transport
O 203  Posttranslational modification, protein turnover, chaperones
Metabolism  
C 258  Energy production and conversion
G 230  Carbohydrate transport and metabolism
E 270  Amino acid transport and metabolism
F 95  Nucleotide transport and metabolism
H 179  Coenzyme transport and metabolism
I 94  Lipid transport and metabolism
P 212  Inorganic ion transport and metabolism
Q 88  Secondary metabolites biosynthesis, transport and catabolism
Poorly characterized
R 702  General function prediction only
S 1346  Function unknown
Table 10. The 25 COG functional categories (COG-FC).  
First column show the one letter code of the COG functional categories. The second column holds the number 
of sub-categories.     
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portable to other organisms such as bacteria. Nowadays most genome annotations include 
GO terms for the genes, which make functional analysis on data sets universal.  Genes or 
proteins can also be clustered on the basis of their phylogenetic lineages. These clusters of 
orthologous groups (COGs) are divided into 25 functional categories (Table 10) and sub-
divided into approximately 5000 COGs. Besides these classifications any other biological 
relation can be used to cluster proteins, such as whether they are members of metabolic 
pathways or contain conserved proteins domains (see Table 9). 
 
  Visualization  
In contrast to computers, humans are not able to handle large quantities of num-
bers; they are better in recognizing patterns, colors and movements. Therefore, large da-
tasets have to be transformed into a format that is more comprehensible for human inter-
pretation. Furthermore, data originating from different sources should be integrated in 
such a way that it enables understanding the interactions and the relations within and be-
tween these data. The TIGR4 Multi Experiment Viewer (TM4) is one of the best freeware 
tools to analyze and visualize DNA microarray data. For integration of such data in metabol-
ic pathways, the KEGG web server offers several tools; one can either use the website di-
rectly or link information of KEGG to stand-alone tools such as DISCLOSE, Genome2D, TM4 
and Cytoscape. The software package Genome2D (this thesis, Chapter 3) combines data 
derived from DNA microarray studies, motif mining, prediction of operons, terminators and 




Bacteria often encounter changes in their environment and will adapt the expres-
sion of genes and activity of proteins to optimize growth, which is of utmost importance to 
survive in a competitive niche. By sensing the changes in the intracellular and/or extracellu-
lar environment, the cell can adjust the transcription and translation of genes/operons to 
Table 9. Most commonly used classification of genes or proteins 
Class Class name url
Operon Operon http://www.microbesonline.org/
Regulon Regulon http://www.microbesonline.org/
Gene ontology GO http://www.geneontology.org/
Clusters of Orthologous Groups of proteins COG http://www.ncbi.nlm.nih.gov/COG/
Functional Categories COG-FC http://www.ncbi.nlm.nih.gov/COG/
Metabolic pathways KEGG http://www.genome.jp/kegg/
Protein domains PFAM http://pfam.sanger.ac.uk/
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cope with the new situation [29]. With DNA microarrays and proteomic experiments one 
can study the expression of all genes at a defined moment in the life cycle of the cell [83]. 
Importantly, for gene network reconstruction, DNA microarray technology can be used to 
unravel correlations between genes through these expression behaviors. Transcription of 
genes (gene expression) is tightly regulated and mostly mediated by sigma factors and/or 
other trans-acting transcription factors (transcription regulator proteins; TFs). Furthermore, 
non-coding RNAs (sRNAs) [84] and T-boxes or S-boxes [85, 86] are involved in mediating the 
level of transcription. The TFs can be activated or deactivated when they directly or indi-
rectly “sense” changes in physical constants (e.g. pH, temperature and pressure), concen-
tration of ions or other molecules in the cell. Besides TFs, two component signal transduc-
tion systems exist that specifically react on external signals (e.g. by phosphorelay) [87].  
 
Time-resolved (chrono-) transcriptomics 
DNA microarray studies were performed on L. lactis during growth in rich media 
(milk), this thesis, Chapter 7 or GM17 (unpublished data) to get an insight in the tran-
Figure 5. Expression profile of the opp operon of L. lactis MG1363  
Results derived from a chrono-transcriptomics experiment of L. lactis MG1363 grown for 1100 min at 30°C in 
milk. Samples were taken for DNA microarray analysis, as indicated by horizontal or vertical lines on the x-
axis, numbered from T1 to T12. Grey blocks in the graphs indicate the growth phases: 1, early exponential; 2, 
late exponential; 3, transition; 4, early stationary; 5, late stationary. A) Expression profiles of oppABCF and 
codY. B) Growth and acidification of MG1363.  
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scriptomic responses to (environmental) changes taking place during fermentation of L. 
lactis and to reveal classes of genes (as part of pathways, operons, regulons, COGs) that are 
important during batch growth. This transcriptome time-series analysis (chrono-
transcriptomics) provided gene expression data over time and showed that the organism 
adapted quickly to environmental changes. As an example: the expression profiles during 
growth in milk of the genes encoding the oligopeptide permease system (opp) and the 
gene of their regulator CodY is shown in Figure 5. The transcription profiles show that ex-
pression of opp is stimulated during late exponential growth in milk. The increase in expres-
sion of codY precedes that of opp, which points to a specific response time of the regulon 
or to the availability of co-factors (in this case branched-chain amino acids) needed to acti-
vate CodY. A low correlation between the TF and its regulon in chrono-transcriptomics is 
not unique for codY; it is more common and does not allow to automatically link TFs to the 




Basic statistics for DNA microarray analysis 
Statistics for the analysis of complex data sets has been developed for many disci-
plines and some of the tools  are very useful and are further improved for downstream 
analysis of DNA microarray data. The great thing about statistics is that by only measuring a 
sample of the population, one can work out what would most likely be the outcome if one 
would measure the entire population, which is often not possible or even preferable. Most 
statistics analyse start by calculating:  
The Mean of a population: 
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To take volumes namely, gene expression levels into account the Coefficient of Variance 
(CV) is calculated: 
 
The basic statistics mentioned above is one-dimensional. Most data however, such as DNA 
microarray data, has more than one dimension. If the number of dimensions is limited to 
two than the Covariance between these two can be calculated from: 
 
The t-test assesses whether the means of two groups are statistically different from each 
other by dividing the signal by the noise. In other words, the t-test is the difference be-
tween the mean divided by the variability in the values. This test is especially suitable for 
DNA microarray data derived from competitive hybridization, in which control (C) and tar-
get (T) RNA (or DNA) are typically labeled with Cy3- and Cy5-dyes.   
 
To perform a reliable t-test, it is desirable to use more than 8 measurements but a lower 
replication is more typical for DNA microarray data. To circumvent problems due to low 
replication, Cyber-T was developed [88]. Cyber-T is a modified t-test that takes the local 
noise of genes and their neighboring genes into account by using a Bayesian probabilistic 
model. After calculation of the p-value derived from a t-test (or Cyber-T test) it is necessary 
to determine the global false-positive and false-negative levels inherent in the data set be-
ing analyzed. This can easily be done by a Posterior Probability of Differential Expression 
(PPDE) analysis, which estimates the rates of false-positives and false-negatives as well as 
true positives and true-negatives at any given p-value threshold [89]. 
 
Statistics for chrono-transcriptomics data analysis  
Data derived from chrono-transcriptomics is not the result of random perturbation 
but will have sequential interdependencies. This fact can be used in the downstream anal-
yses of the data. Furthermore, chrono-transcriptomics data of a bacterial strain grown e.g., 
in different media can be compared using the knowledge of the growth phase in which the 
cells were harvested. Raw ratio data derived from dual-labeling  DNA microarray experi-
ments needs to be normalized. Although many methods have been described, Lowess nor-





























Subsequently, inter-slide scaling is needed to normalize the signals throughout the entire 
data set. One critical assumption has to be made with respect to the fraction of genes of 
which the expression does not change between two consecutive slides (or time points). 
Normally one assumes that the expression of 50-70% of the genes does not change. The 
most popular method for finding gene-to-gene expression correlation is the Pearson's cor-
relation (Karl Pearson). The Pearson's correlation coefficient between two variables is de-




DNA microarray data in general does not contain absolute gene expression levels but rela-
tive changes, which makes the use of the Pearson correlation method the most obvious 
choice. The Spearman’s rank correlation, which ranks the data and does not use the abso-
lute expression values, can be used when the expression of each gene is scaled during pre-
processing. Once all gene-to-gene correlations have been calculated, the next logical step is 
to find biological groups (e.g., metabolic pathways or functional groups) showing similar 
behavior. To do so, several clustering methods have been developed.  
 
Clustering methods  
On the basis of the statistic methods mentioned in the previous paragraphs gene-to
-gene relations on the basis of their expression profiles can be described. The hierarchical 
clustering method allocates genes or experiments having a high correlation closely together 
in a so-called Gene Leaf Order [90]. Unfortunately, this method does not divide genes in 
separate clusters. The most conventional method to divide genes in distinct clusters on the 
basis of similar expression profiles is k-means clustering[91]. The drawback of this method 
is that it requires human interaction to estimate the number of clusters that can be ex-
pected in a certain data set. The program DISCLOSE [92] solves this problem by performing 
multiple k-means clustering runs using an incremental number of clusters and benchmark-
ing the results using biological functional classes such as metabolic pathways (KEGG), regu-
lons or GO to discover the optimal number of clusters that can be obtained from the data.  
Combining clustering and gene-to-gene correlations enables detecting modules in gene ex-
pression data. This is implemented in the TM4 package [93] as the Cluster Affinity Search 
Technique (CAST) algorithm. This method can find gene modules (genes with high expres-
sion correlation) as well as relations between experiments. Improvements of the CAST algo-
rithm are available in the MTOM software, in which the MAST algorithm [94] finds tightly 
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mental parameters (e.g., a comparison of two mutants in two stages of growth) this repre-
sents a multiple dimensions problem. In such cases Principle Component Analysis (PCA) is 
a powerful tool to reduce the complexity and find 2 or 3 dominant principle components 
enabling graphical representation of the data, which includes a matrix of all possible covari-
ance values. Eventually, the final goal of all these statistical analyses on the data is to find 
biologically meaningful results, particularly by visualizing the results in a manner that is un-
derstandable to man. 
 
Classification analysis of DNA microarray data 
The statistical analyses described so far are done exclusively on the data itself, with-
out prior knowledge. Instead of this bottom-up approach, the top-down method allows to 
ask questions like, “does my metabolic pathway of interest change significantly more than 
other pathways in which I am not interested?” In this question the favorite metabolic path-
way consists of enzymes encoded by a group of genes. This group is called a class and the 
genes are the class members. The statistical test for finding classes that are significantly cor-
related is called a hypergeometric distribution: 
  
This formula can be applied to DNA microarray data where k is the number of class mem-
bers that are changed, P(k) is the probability that exactly k class members are found to be 
significantly changed, N is total number of genes in the data set, m is the size of the class to 
be analyzed and n is the total number of changed genes in the experiment.  The power of 
using classes instead of individual genes is that the size of the data is substantially reduced. 
The class to be analyzed could be any group of genes, varying from those involved in a met-
































A flavor of comparative transcriptomics 
One of the major reasons for the industrial use of L. lactis is its flavor forming ability 
during milk fermentation. The main flavor pathways during cheese making are the degrada-
tion of keto-acids, resulting in esters and alcohols, and of sulphur-containing amino acids 
(methionine and cycteine) to H2S, DMS, DMDS and DMTS [95]. The main enzymes in L. lactis 
MG1363 involved in these flavor pathways are shown in Table 11. Genes encoding these 
enzymes are generally organized in operons, which information is used to extend the gene 
list for flavor formation analysis with the other operon members. Figure 6 shows the heat 
map of flavor genes of L. lactis MG1363 during growth in milk. Comparing this heat map to 
that of L. lactis  grown in rich medium (GM17) (data not shown), revealed that the expres-
sion of the pdh operon is low during early exponential growth in GM17 but rather high for 
cells in the same growth phase in milk. For flavor formation this would mean that more es-
Gene locus reaction Enzyme activity EC#
ackA1 llmg_2289 ACK(putative) AckA1 protein 2.7.2.1
ackA2 llmg_2288 ACK(putative) AckA2 protein 2.7.2.1
adhA llmg_1991 AlcDH(putative) Alcohol dehydrogenase, zinc-containing 1.1.1.1
adhE llmg_2432 AlcDH(putative) Alcohol-acetaldehyde dehydrogenase 1.2.1.10
adhE llmg_2432 bifunctionalAldDH/AlcDH Alcohol-acetaldehyde dehydrogenase 1.2.1.10
araT llmg_0066 ArAT(putative) Aromatic amino acid aminotransferase 2.6.1.-
arcT llmg_2308 AT Aminotransferase 2.6.1.1
argD llmg_1756 AT Acetylornithine aminotransferase 2.6.1.11
argJ llmg_1757 AT Ornithine acetyltransferase , amino-acid 2.3.1.35
aspB llmg_2019 AspAT Aspartate aminotransferase 2.6.1.1
aspB llmg_2019 AT Aspartate aminotransferase 2.6.1.1
aspC llmg_0171 AT Putative aminotransferase 2.6.1.1
butB llmg_1642 AlcDH(putative) 2,3-butanediol dehydrogenase 1.1.1.4
cysD llmg_0091 AHSH O-acetylhomoserine sulfhydrylase 2.5.1.49
cysE llmg_2042 CysE Putative serine acetyltransferase 2.3.1.30
cysK llmg_1775 CysK Cysteine synthase 2.5.1.47
estA llmg_1953 EstA Tributyrin esterase 3.1.1.-
hisC llmg_1298 AT Histidinol-phosphate aminotransferase 2.6.1.9
hom llmg_1332 HSDH Homoserine dehydrogenase 1.1.1.3
ilvE llmg_1181 BcAT Branched-chain amino acid aminotransferase 2.6.1.42
llmg_0475 llmg_0475 L-HycDH Malate/lactate dehydrogenase 1.1.1.-
llmg_0508 llmg_0508 CysK Cysteine synthase 2.5.1.47
llmg_0945 llmg_0945 AlcDH(putative) Putative glycerol dehydrogenase 1.1.-.-
llmg_0955 llmg_0955 AlcDH(putative) Alcohol dehydrogenase 1.1.1.1
metA llmg_2182 HSST Homoserine O-succinyltransferase 2.3.1.46
metB1 llmg_2181 CBL Cystathionine gamma-synthase 2.5.1.48
metB1 llmg_2181 CGS Cystathionine gamma-synthase 2.5.1.48
metC llmg_1776 CBL/CGL(lyasegroup) Cystathionine beta-lyase 4.4.1.8
metE llmg_1225 MetE 5-methyltetrahydropteroyltriglutamate-- 2.1.1.14
nifZ llmg_0505 AT Pyridoxal-phosphate dependent aminotransferase 2.8.1.7
pdhA llmg_0074 KaDHcomplex Pyruvate dehydrogenase E1 component alpha subunit 1.2.4.1
pdhB llmg_0073 KaDHcomplex Pyruvate dehydrogenase E1 component beta subunit 1.2.4.1
pdhC llmg_0072 KaDHcomplex Pyruvate dehydrogenase complex E2 component 2.3.1.12
pdhD llmg_0071 KaDHcomplex Dihydrolipoyl dehydrogenase 1.8.1.4
pta llmg_0763 PTA Phosphate acetyltransferase 2.3.1.8
serC llmg_0565 AT Phosphoserine aminotransferase 2.6.1.52
thrB llmg_1331 HSK Homoserine kinase 2.7.1.39
Table 11. Flavor genes in L. lactis MG1363. Naming of reactions were derived from Lui et al  
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ters are formed in milk than in GM17. Although downstream statistics such as ANOVA or 
CAST can be applied to this example, a simple heat map visualization can already give some 
clear clues (Fig. 6). 
 Figure 6. Heat map of flavor genes.  
L. lactis was grown as batch culture in milk. During growth samples of cells were taken during exponential 
growth (T1-T6), transition stage (T7) and stationary phase (T8-T12). DNA microarrays were performed on each 
sample to measure the gene expressions at each time point. (for details see Chapter 7 of this thesis). Subse-
quently, the gene transcription profiles were ordered using hierarchical clustering.  In the heat map below 
black and white represents high and low expression, respectively. On the left of the figure the dendrogram 
represents the Pearson’s correlation between the gene expression profiles. Names of genes are given in the 
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Gene Regulatory Networks 
Building a gene regulatory network (GRN) relies on data describing interactions or 
associations between elements such as mRNA levels, operon structures, regulons, TFBSs, 
metabolic pathways and functional classes. The resources for a GRN are derived from gene
-to-gene interactions based on DNA microarray data and databases containing biological 
data as listed in Table 12. 
A GRN describes the interactions between TFs and the genes they regulate [96]. 
Inferring a GRN from DNA microarray data is challenging and several papers dealing with 
this problem have been published in recent years, for a recent review see Jaffrezic et al 
[97]. The basic idea of building these networks is to gain insight in the interactions 
between biological processes. The number of computational methods that reconstruct 
such GRNs (synonym: Transcription Regulatory Networks (TRNs)) from genome-wide 
expression data is rapidly increasing but new methods are not always lead to 
improvement, for review see De Smet et al [98]. In principle two main approaches for 
network reconstruction are being used, namely Bayesian or Graphical Gaussian network 
reconstruction. The latter approach, first used in GeneNet [99], is currently considered the 
most reliable method and is used as the fundament in network reconstruction methods.  
 More detailed information on the performance and the pros and cons of these tools 
have recently been reviewed [114]. Usability, accessibility and adaptability for research of 
GRN algorithms are always an issue. Therefore the freely available MINET package [110] 
has been developed in the statistical environment R [115], which allows easy adaptation 
by bioinformaticians to suit the needs of the biologist.  
Three methods are mostly used to visualize networks: i) via webservers; ii) via stand-alone 
packages; or iii) using algorithms in a visualization platform (e.g., Cell Designer and 
Table 12. Main resources for annotation of genomes 
Name Class url
NCBI Genome resource http://www.ncbi.nlm.nih.gov/ 
EBI Genome Review  http://www.ebi.ac.uk/
EMBL Genome resource http://www.ebi.ac.uk/embl/ 
JGI Integrated Microbial Genomes  http://img.jgi.doe.gov/
COG Classification http://www.ncbi.nlm.nih.gov/COG/ 
GO Classification http://www.geneontology.org/ 
KEGG Metabolic pathways http://www.genome.jp/kegg/ 
PSI Structural Biology of proteins http://www.sbkb.org/ 
PFAM Protein http://pfam.sanger.ac.uk/ 
STRING Protein protein interaction http://string-db.org/ 
Uniprot Protein functional information http://www.uniprot.org/ 
Microbes online Genome functional annotation http://www.microbesonline.org/ 
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Cytoscape). For studying complex relations between multiple data sources, the Cytoscape 
platform [116] enables construction of GRNs and sophisticated data mining. 
That GRNs such as CLR and ARACNE really work was proven by an extensive study 
[107] in which the transcriptional regulation database of E. coli (RegulonDB) was compared 
to a data set derived from 445 Affymetrix DNA microarrays. This resulted in the prediction 
of 21 novel interactions; the predicted interaction with DNA of which three TFs of unknown 
function were experimentally proven using chromatin immune precipitation (ChIP). 
 
 
Network reconstruction and visualization, an example in L. lactis   
Time-series and perturbation transcriptome data derived from DNA microarray 
studies provide knowledge of timing of gene expression, as well as gene-to-gene and gene-
to-class correlations. Inference of GRNs based on DNA microarray studies is referred to as 
reverse engineering, as the obtained gene expression levels are the outcome of gene 
regulation. Unfortunately, the ultimate network inference method still does not exist [98]. 
This implies that a good choice of statistics should be made, one that reflects the co-
expression of genes and gene classes for the given experiments. Furthermore, due to the 
fact that expression of TF genes does not always coincide with that of their target genes, 
Table 13. Gene network reconstruction tools.  
Below a list of gene network reconstruction tools with a short description and its cognate reference is given 
Algorithm / software Description Reference
ARACNE Reconstruction of GRNs in a mammalian cellular context [100]
TimeDelay-ARACNE Allows using time-series data as a source of information [101]
to reconstruct gene networks
SEBINI A software environment allowing to evaluate, compare, [102, 103]
refine or combine inference techniques
SEREND SEmi-supervised REgulatory Network Discoverer.  GRN  [104]
systems developed specifically for data derived from E. coli 
SIRENE see SEREND [105]
DISTILLER see SEREND [106]
CLR see SEREND [107]
MRNET Improved method employed in CLR and ARACNE [108].
C3NET Improved method employed in MRNET [109].
MINET Provides a set of functions to infer mutual information [110]
networks from other datasets
VisANT Visualization tool for biological networks [111, 112]
NeAT Toolbox for the analysis of biological networks [113]
GeneNet Automated visualization of gene networks via GeneNet viewer
http://wwwmgs.bionet.nsc.ru/mgs/gnw/genenet/
SEED Combination of reconstruction and visualization of networks [94]
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regulon network reconstruction will often be limited. In addition, reliable TF studies other 
than DNA microarray analyses are necessary to complete the GRN.  
Figure 7 illustrates a GRN reconstruction using our knowledge of L . lactis in 
combination with chrono-transcriptomics data. The regulons of L. lactis are shown as a 
Cytoscape network visualization using the most comprehensive database on L. lactis: 
MolgenRegDB (PePPER; this thesis Chapter 6). This relatively simple network shows how the 
regulons of the TFs CodY, CcpA, ArgR and AhrC are interconnected. To be able to visualize co
-expression of genes, a Pearson correlation was calculated between the genes using chrono-
transcriptomics data. Genes having a Pearson correlation p-value higher than or equal to 
0.80 are considered to be co-expressed. The members of the CmbR regulon are shown in 
Figure 7B. The experimental data used in this GRN reconstruction of the CmbR regulon, 
which regulates methionine and cysteine metabolism, was from a L. lactis IL1403 study 
[117]; the genes of  L. lactis MG1363 were derived from comparative genomics using 
PePPER. On the basis of highly interconnected  Pearson correlated nodes, four sub-graphs 
(cliques) of the CmbR regulon emerged: i) metC, cysK; ii) plpABCD, dar; iii) llmg_1589-1591, 
llmg_2294-2295, llmg_0352, metB1 and iv) a group of genes of which the expression does 
not correlate at all. This last group of genes was found to be related to CmbR on the basis of 
DNA microarray studies in L. lactis IL1403; this relation could not be re-established using the 
MG1363 chrono-transcriptomics data.  
A logical subsequent step would be to link metabolic processes to the network. The 
data source can either be complete metabolic processes derived from KEGG pathways or 
metabolic reactions derived from the reaction database. A complete model was built for L. 
lactis MG1363 by coupling the production and consumption of compounds by enzymes to 
the reaction database [118]. Compound production/consumption can directly be integrated 
into the Cytoscape model by linking enzyme functions to genes.     
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Figure 7. Cytoscape Network model of known regulons in L. lactis MG1363. 
A+B) The known regulons in L. lactis; the transcription factors (TFs) are shown as diamond shapes and 
are positioned in the center of the genes they regulate (circles). An arrow starting from the TF points to genes 
they activate and a blunt-end line indicates repression of the gene by its TF. B) The CmbR regulon. C) The same 
CmbR regulon as shown in B but the connections (edges) represent the degree of expression correlation 
(Pearson’s) between the CmbR regulon members. The correlation shown in this panel is based on a Pearson’s 
correlation derived from chrono- transcriptomics data. The thickness of the lines (edges) corresponds to the 








The scope of this thesis 
Man has evolved to deal with landscape of patterns, colors, movements, 
experiences and emotions but not to read and understand loads of numbers or access e.g., 
the huge amount of data available in current literature. During the work described in this 
thesis, methods, software and web sites were developed to allow the biologist, to easily 
extract information from the sometimes unorganized and hidden data from large-scale 
experiments by transforming data and knowledge into colorful graphics. Finally, these 
“landscapes” represent reconstructions of the gene transcriptional networks of 
prokaryotes. A special focus during this research was on the economically important lactic 
acid bacterium Lactococcus lactis. Chapter 1 gives a thorough introduction in the field of 
transcriptomics and how to analyze and use the generated data to get insight into 
biological processes. Chapter 2 describes how biological knowledge on DNA-DNA 
hybridization led to a very efficient method to design genome-wide primer pairs for 
amplicon synthesis suitable for spotted DNA microarray production. Statistical analyses and 
visualization of DNA microarray data and combination with genomic features using 
Genome2D is described in Chapter 3.  To further improve the annotation of genomes, the 
method BAGEL is described in Chapter 4. It combines the expertise on lantibiotics and oth-
er bacteriocins to discover genes or novel ORFs that encodes these important antimicrobial 
peptides. Next generation sequencing technology led to an immense stream of new se-
quence data derived from single bacterium (genome data) or a population of bacteria 
(meta-genomics data). To efficiently handle these large data sets, with more expert 
knowledge, BAGEL2 was developed as described in Chapter 5.  Chapter 6 presents the de-
velopment of a transcriptional regulation database and the web server PePPER, which per-
forms comparative genomics analysis of regulons in combination with transcription factor 
binding sites. In Chapter 7, the data generated by chrono-transcriptomics of Lactococcus 
lactis grown in milk was used to reconstruct the gene regulatory network. To conclude, 
Chapter 8 offers an in-depth discussion on the usefulness for biologists of the methodolo-
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Unifrag and GenomePrimer 
Summary 
The complementary programs UniFrag and GenomePrimer were developed to provide a 
reliable highthroughput method to select the most unique regions within genomic DNA 
sequence(s) and design primers therein, involving minimal user intervention and maximum 
flexibility.  
Availability 







Various programs have recently become available for the selection from coding 
sequences of single primers (e.g. OligoArray, {{238 Rouillard,J.M. 2002;}}, and ROCK, {{240 
Strain,S.R. 2001;}}) or primer pairs (e.g. PrimeArray, {{237 Raddatz,G. 2001;}}) for the 
production of DNA-microarrays using oligonucleotides or amplicons. With GST-PRIME {{243 
Varotto,C. 2001;}}, a large number of primer pairs can be generated starting from a list of 
accession numbers (GIs). PrimoUnique (Chang Biosciences; web-site: http://
www.changbioscience.com/primo/primou.html) designs primer pairs for each member of a 
list of DNA sequences with high similarity (a family). Those primer pairs that might 
aspecifically amplify a different family member, are eliminated.  
We use a high-throughput approach for amplicon design and production for DNA-
microarrays of bacterial genomes. As some specific features, such as high throughput 
selection of unique regions and subsequent primer design, were not present in available 
software packages, the complementary programs UniFrag and GenomePrimer were 
developed. Together, these programs allow selecting unique regions within a DNA 
sequence and automatically designing primers, with minimal user intervention and 
maximum flexibility.  
 UniFrag and GenomePrimer were not developed for primer design on genes 
containing introns. By using unique regions in DNA sequences for primer design, cross-
hybridization during DNA microarray experiments is minimized. Also, as aspecific priming 
during PCR is minimized, PCR is more successful. Moreover, a unified primer design will 
allow better robotization of PCR. UniFrag runs on a Unix platform and only requires a 
locally installed ‘Blastall’ program (the version used was 2.2.3; http://
research.nhgri.nih.gov/blastall/). UniFrag consists of five sub-programs written in Pascal 
and compiled by FreePascal 1.0.4 (http://www.freepascal.org/) under Red Hat Linux 
release 7.2 (http://www.redhat.com). GenomePrimer was written in Borland Delphi 5.0 and 
runs on any Microsoft Windows platform.  
Figure 1 presents a flow scheme of UniFrag and GenomePrimer. Input files for 
UniFrag are: (i) a FASTA file containing the DNA sequences from which the unique regions 
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have to be selected; (ii) a FASTA file containing a reference set of DNA sequences formatted 
with Formatdb for Blastall; and (iii) a configuration file containing the options set by the us-
er. A reference set should consist of, at least, the DNA sequences that are used as input for 
the UniFrag program but other DNA sequences (such as genome sequences) can also be 
added. In microarray experiments, RNA originating from an organism other than the one 
represented on the slide might be used. By using the genomic sequence (if available) of the 
other organism in the reference set of UniFrag, possible crosshybridization will be prevent-
ed.  
In a typical UniFrag run (Fig. 1), overlapping fragments are generated by using a ‘window’ (a 
window corresponds to a fragment with a size set by the user) that ‘slides’ over each of the 
input sequences. The ‘windows’ overlap each other with an overlap size that can be set by 
Figure 1. Flow chart of Unifrag and GenomePrimer. 
Flow chart of UniFrag and GenomePrimer. Arrows with a plus (+) or minus (-) 
sign indicate data that met or did not meet the selected criteria (in case of 
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the user (Fig. 1A and B). By generating overlapping fragments, the chance increases to find 
a fragment that is unique within a DNA sequence. Sequences that are smaller than the 
minimum fragment size are saved in a list of ‘leftovers’ (Fig. 1E). The remaining overlap-
ping DNA fragments are compared using BlastN against the reference set and the results 
are filtered using an expectancy value cutoff parameter (e-value) commonly used in blast 
searches (Fig. 1C). From the filtered blast output, the fragment with the highest expectan-
cy value (most discriminating fragment), is selected for each input DNA sequence (Fig. 1D). 
If the selected fragment has an e-value higher than the ‘cutoff unique’ parameter, the in-
put DNA sequence is used for primer design; if not, the input DNA sequence is saved in the 
‘leftover’ list (Fig. 1E). UniFrag can be run for any number of passes (n in Fig. 1), decreasing 
fragment and overlap sizes until the maximum number of unique fragments is obtained 
(Table 1, supplementary information). Other sequences can be added to the resulting list 
of fragments (i.e. sequences of the ‘leftover’ list). The FASTA file generated can then be 
used for subsequent GenomePrimer processing.  
Via user-friendly interface frames, various selection criteria can be chosen before 
running the GenomePrimer design program, which selects thousands of primers within 
seconds (Fig. 1F). Primers are examined for: (i) equal distribution of G and C; (ii) occur-
rence of palindromic sequences; and (iii) homology between primers of a primer pair. The 
melting temperature can be set according to either one of two rules: (i) Tm = 4×(GC)+2×
(AT) {{241 Suggs,S.V. 1992;}}; or (ii) Tm = 62.3 + 0.41 × (GC) − (500/length) {{242 Sugimo-
to,N. 1996;}}. Desired tags, for instance for the re-amplification of all amplicons using a tag
-specific oligonucleotide pair, can be easily introduced. General result statistics such as 
success rate, average primer length, number of nucleotides to be synthesized and specific 
characteristics such as the number of (too short and/or too low GC-content) amplicons are 
displayed by the Report Generator (Fig. 1G). If primer design failed in too many cases, the 
settings can be easily adjusted and a new design can be performed until all primers/
amplicons meet the desired characteristics. Those DNA sequences on which no primer pair 
could be designed by the GenomePrimer selection criteria can be selected for primer de-
sign using other criteria.  
The freely available web-based version of PrimoUnique allows designing one 
unique primer pair at a time. In contrast to UniFrag and GenomePrimer, PrimoUnique does 
not allow constraints in amplicon length. As only the primers and not the amplicon se-
quences are unique, PrimoUnique is not usable for effective genome-wide primer design in 
contrast to the combination of UniFrag and GenomePrimer. The PrimeArray program al-
lows using a predetermined amplicon length cut-off whereas in GenomePrimer a window 
of amplicon sizes is used. The variation in amplicon size allows primers to be chosen more 
flexibly in a location on the DNA sequence. This allows using more stringent primer charac-
teristics during the design, which results in a more efficient (and successful) high-
throughput approach because subsequent PCR conditions can be standardized. Ge-
nomePrimer provides the user with a number of criteria for primer design: (i) preferred 
location of primers in a sequence (for instance to obtain 3’-, 5’- or central amplicons of a 
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gene); (ii) preferred primer length and reduction of primer length, while maintaining anneal-
ing properties, to reduce production costs; (iii) 3_- G or C on primers to improve the PCR ex-
tension step, which is especially important for low GC organisms such as Lactococcus lactis; 
and (iv) preferred GC content of the primer.  
UniFrag was used to select the unique regions in all predicted open reading frames 
(ORFs) of L. lactis IL1403 and Streptococcus pneumoniae TIGR4 (Table 1, supplementary in-
formation). More unique ORF fragments could be selected from L. lactis IL1403 (1516; 68% 
of the total amount of 2214 ORFs) than from S. pneumoniae TIGR4 (1390; 56% of the total 
amount of 2495 ORFs) because the genome sequence of the latter contained more ORFs 
smaller than 500 bp, which were ignored in the analysis. The S. pneumoniae TIGR4 genome 
contained less ORFs (69; 2.8%) in which no unique fragment could be identified than L. lactis 
IL1403 (80; 3.6%). In most cases, the ORFs of which no unique fragment could be identified 
were specified by insertion elements or transposon sequences. Table 1 (supplementary in-
formation) clearly illustrates that decreasing the fragment size results in a significantly high-
er amount of unique ORF fragments. By additionally decreasing the overlap size, the proba-
bility increases that a certain fragment is unique. GenomePrimer was initially tested on the 
predicted ORFs of the L. lactis bacteriophage r1t (Table 2, supplementary information). A 
100% success rate for primer design and amplicon production of the 51 r1t ORFs was ob-
tained. For the selection of primers for ORFs larger than 90 bp in the complete genomes of 
S. pneumoniae TIGR4 and L. lactis IL1403, a smaller range of amplicon length was used (80–
800 bp) than for r1t (89–1842 bp). Success rates of both primer sets (100% and 99.5% for L. 
lactis and S. pneumoniae TIGR4, respectively) were high in the first round of PCR. PCR reac-
tions were carried out under standard conditions in a Bio-Rad iCycler 1 PCR machine (Bio-
Rad, Hercules, CA) in 96-wells format with a non-proofreading DNA polymerase.  
Reliable high-throughput genome-wide primer design on unique fragments of ORFs 
is the strength of using UniFrag and GenomePrimer software. Using unique fragments in mi-
croarray studies should reduce crosshybridizations, which will improve data quality and 
make data analysis more straightforward.  
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Genome2D is a Windows-based software tool for visualization of bacterial 
transcriptome and customized datasets on linear chromosome maps constructed from 
annotated genome sequences. Genome2D facilitates the analysis of transcriptome data by 
using different color ranges to depict differences in gene-expression levels on a genome 
map. Such output format enables visual inspection of the transcriptome data, and will 
quickly reveal transcriptional units, without prior knowledge of expression level cutoff 
values. The compiled version of Genome2D is freely available for academic or non-profit 
use from http://molgen.biol.rug.nl/molgen/research/molgensoftware.php 
 
Introduction 
Current efforts in whole-genome sequencing have led to a rapidly increasing 
number of publicly available bacterial genome sequences [1]. Novel technologies, such as 
genome-wide transcriptional profiling using DNA microarrays, enables the study of the 
transcriptional regulation of various processes in these sequenced microorganisms, which 
can, subsequently, lead to the identification of the regulatory networks involved [2-5], 
Bioinformatics tools that enable one to predict and/or identify transcription regulatory 
elements and terminator sites are publicly available [6-13] 
Graphical representations have proved very useful for the efficient interpretation of 
large amounts of biological data (for example, metabolic pathway and gene regulatory 
network visualization [14-16], transcriptome data analysis and/or clustering [17-19]). Our 
group investigates metabolic pathways and gene regulatory networks of different Gram-
positive bacteria. For easy and rapid interpretation of transcriptome data, we required 
software that enables us to project this onto a linear bacterial genome map, together with 
additional data (that is, terminator and regulator binding sites). Zimmer and co-workers 
have previously visualized transcriptome data (displayed as spots) in gene order [20]. 
However, their program does not allow the inclusion of data on transcription regulatory and 
terminator sites or other customized data. Visualization of such information would facilitate 
the interpretation of transcriptomes by displaying which genes are co-expressed in a 
transcriptional unit (an operon [21, 22]), or are transcribed via read-through from the 
neighboring gene (or genes), or lead to the formation of antisense RNA. The possibility of 
adding putative binding sites for transcriptional regulators onto the genome map would be 
a quick and convenient way to assess the biological relevance of such operator sites. 
Furthermore, visual analysis can be preferable over a statistical (mathematical) approach, 
as relevant data can easily be ignored if too high cutoff settings are applied. We screened 
several powerful commercial and public-domain software packages for transcriptome data 
visualization (GenVision (DNAStar, Madison, WI), GeneSpring (Silicon Genetics, Redwood 
City, CA), Kyoto Encyclopedia of Genes and Genomes (KEGG) [14], EcoCyc [15] and TM4 [18, 
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19]), but none of these fulfilled our needs. We therefore developed the Microsoft Windows
-based program Genome2D.  
Genome2D 
Genome2D was programmed in Borland Delphi 6 and compiled to a Microsoft Win-
dows 9x/NT/2000/XP application. With its graphical user interface the program is easy to 
use for non-experts and is easily accessible because of its low system requirements; it can 
be installed on a standard local Windows personal computer, making it fast and safe (when 
confidentiality is required). The object-oriented programming environment of Delphi makes 
it easy to extend Genome2D. The CADSys 4 library version 4.2 was used for two-
dimensional visualization of genomes. This library extends the Delphi vectorial graphics 
support to include 2D/3D CAD-like functions in applications.  
The most prominent feature of Genome2D is a drawing module that generates 
comprehensive bacterial genome maps, in a single window screen, that can include specific 
Figure 1. Screenshot of the graphical map op Genome2D 
Genome2D visualization of the genomic organization of L. lactis IL1403 (GenBank annotation: AE0051576). 
The figure displays a partial, detailed view in which putative terminators, determined using the TIGR software 
package TransTerm, are shown as stem-loop structures [11,46]. Predicted promoter elements (-35 boxes in 




genetic elements such as transcription terminators or regulator binding sites (Figure 1). The 
user can easily prepare figures for use in printed or digital format.  
 Display of DNA microarray data in Genome2D is done by coloring the selected genes 
using a simple input file - that is, a tab-delimited text file with one column containing the 
names of the genes to be colored (corresponding to the gene names from the annotation 
file), and a second column with the color codes (black, white, red, yellow, fuchsia, green, 
lime, blue or aqua), or values, such as gene-expression ratios, on the basis of which color 
shades are assigned. A defined number of datasets from a complex transcriptome analysis 
experiment (for example, time-course measurements) can be loaded as separate input files, 
after which the data can be shown in animation, a feature that, to our knowledge, is not 
present in existing software. Clearly, the input files are not restricted to transcriptome data, 
and different kinds of datasets can be projected, such as from proteome analysis. 
An umbrella for analysis tools 
In addition to its visualization capabilities, Genome2D serves as a platform for differ-
ent bioinformatics tools, such as data-extraction and conversion algorithms, which are sum-
Table 1. Features of Genome2D 
Menu Description 
File Various input files (for example, FastA, GenBank, Glimmer, Paradox) can be 
loaded into Genome2D; contains commands to handle the program 
Search Algorithms to make a weight matrix (consensus sequence/motif); use 
weight matrix or input motif to screen loaded genome (see Example analy-
sis: CcpA regulon in L. lactis) 
Drawing Drawing of whole genome on linear map including additional information 
(promoter sites, terminators, regulator binding sites). Individual genes can 
be colored (manual selection). Changes in gene expression (multiple da-
tasets in animation) are indicated by variation in color or number (see Ap-
plication example: ComK regulon in B. subtilis) 
Tools Algorithms for analysis of genomic DNA, randomization (statistical analysis) 
and extraction of coding or noncoding regions 
Motifs Algorithms to analyze operons, upstream regions, box sequences and pro-
moters. Custom adaptation of these algorithms is easily implemented (see 
example of K-box analyses) 
Reformatting Algorithms to convert files to other formats 
Proteomics Trypsin digestion on a database of proteins, pI, Chemical formula and Mwt 
Statistics DNA microarray functional analysis 
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marized in Table 1. The combination of visualization and information extraction allows sub-
sequent rounds of analyses, and thus an increase in data complexity, making Genome2D a 
powerful tool in the investigation of bacterial genomics data, especially from transcriptome 
and proteome analyses. Newly developed algorithms or tools can be easily implemented 
within the framework of the program. 
Applications 
Genome2D can be used for all annotated bacterial genome sequences. In our group, 
Genome2D is commonly used for the analysis of genomics data from Bacillus cereus, Bacil-
lus subtilis, Lactococcus lactis, Lactobacillus plantarum and Streptococcus pneumoniae. We 
will illustrate the strength of Genome2D in visualization of transcriptome data hereafter, 
using the genomes of B. subtilis 168 [23] and L. lactis IL1403 [24] as examples. 
The power of visualization 
There are a number of benefits of visual inspection of transcriptome data compared 
with statistical analyses, which we will show here using published transcriptome data [25]. 
Most important, visualization can help in discerning true low-level gene activation. For in-
stance, groES was classified as a ComK-regulated gene, as it met the stringent cutoff set in 
Figure 2. Visualizaton of transcriptome data 
 
Demonstration of the power of visualization in transcriptome analyses. The dataset used is from Hamoen 
and colleagues {{267 Hamoen 2002;}}. The strength of up- or downregulation is depicted by the intensity of 
the color. Stem-loop structures indicate annotated terminators. (a,b) Probable cases of low-level activation. 
Genes are colored on the basis of expression ratios from DNA macroarray experiments [24], without apply-
ing a stringent cutoff. Red shades indicate ComK-dependent activation, whereas green shows downregula-
tion. Gray shades indicate ratios of around 1. Stem-loop structures are used to depict annotated termina-
tors. K-boxes are shown by vertical red lines. (c,d) Putative cases of transcriptional readthrough. Red shades 
indicate significant ComK-dependent expression. K-boxes are depicted by vertical green lines. Gray genes 
are not significantly ComK-dependent. (e,f) Probable cases in which antisense RNA has a role (colors and 




the analysis of Hamoen and co-workers [25]. However, groEL failed to meet these criteria. It 
has been shown that groES and groEL are part of a single operon in B. subtilis [26]. When 
the transcriptome data are visualized in Genome2D, one can see that groEL actually shows 
some level of activation, suggesting that groEL and groES are indeed activated as an operon 
(Figure 2a). Choosing cutoff values to define the set of regulated genes is a rather arbitrary 
process. Moreover, the statistical value of expression data in transcriptome studies is based 
on a limited number of data points, and it is therefore not surprising that several possibly 
relevant genes, such as groEL, will be missed. Another example is given in Figure 2b. yvrP, 
yvrN and yvrM were found to be ComK-activated, whereas yvrO did not meet the criteria 
[25]. Visualization in Genome2D reveals that yvrO is also slightly activated, and allows the 
conclusion that all four genes are likely to form a ComK-dependent operon (Figure 2b). 
 Second, visualized transcriptome data can reveal putative transcriptional 
readthrough. For example, in the study of Hamoen and colleagues [25] mentioned above, 
thresholds of significance were partly based on the prior knowledge that limited 
readthrough from the comF operon occurs into the yvyF, flgM and yvyG genes [27]. This be-
comes apparent also in the Genome2D visualization of the data from Hamoen and col-
leagues [25]: the comF operon and downstream-located genes show differential levels of 
ComK-induction (Figure 2c). Extending this notion, one can predict that the reported ComK-
dependent activation of spoIIB/maf/ysxA (radC) and yqzE is due to readthrough from comC 
and the comG operon, respectively (Figure 2d) [25]. 
Third, it has been reported that the use of double-stranded amplicons in DNA array 
studies might lead to the detection of antisense RNA, the biological significance of which is 
unclear [25]. Genome2D helps in the identification of putative antisense RNA detection by 
showing whether activated genes are located in reverse orientation downstream of activat-
ed genes. In the case of comE, it is known that the comER gene is not transcribed during 
competence [28]. However, in several array studies this gene appeared to be strongly acti-
vated by ComK [25, 29, 30]. From Figure 2e, it is apparent that this activation is due to the 
hybridization of antisense mRNA. Similarly, the observed expression of yhxD and several 
genes from the yck/nucA-nin/tlpC area may be instances of antisense RNA detection (Figure 
2f). These observations cannot be made by normal statistical analyses without visual inspec-
tion. 
Data extraction and analysis 
To our knowledge no software is available in the public domain that allows infor-
mation extraction and analysis in the way Genome2D does. To correlate expression with the 
activity of specific transcription factors more quantitatively, we incorporated several algo-
rithms into Genome2D. The type of analyses that can be performed with these algorithms 
are exemplified below, using the analysis of the ComK-regulon in B. subtilis and the in silico 
prediction of the CcpA-regulon of L. lactis. 
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Hamoen and colleagues [25] used Genome2D to correlate the occurrence of ComK-
binding sites (K-boxes) to ComK-dependent expression of genes, with the aim of testing 
whether the presence of a K-box upstream of a gene can be used to predict ComK-
activation. They assigned genes to putative operons using a widely used algorithm [31] in-
corporated into Genome2D ('Add First Gene of Operon to Gene List'). Furthermore, they 
identified all K-boxes in the B. subtilis genome (Box searches are available through the 
Search menu) and located the closest upstream box for all genes and operons ('Add Nearest 
Box to Gene List'). Finally, the program is able to link predicted binding sites to the genes 
located closest to the box ('Add Nearest Gene to Boxlist'). Using these and additional algo-
rithms, the authors showed that the predictive value of a K-box can be significantly im-
proved by taking into account genome organization, additional ComK-binding motifs, and 
binding sites for RNA polymerase [25]. 
 
Prediction of the CcpA regulon in L. lactis 
As is the case in other bacteria, many L. lactis ssp. lactis IL1403 genes are of un-
known function [24, 32]. Prediction of gene regulation can implicate unknown proteins in 
certain cellular processes and, by directing genetics approaches, can help to assign func-
tions. This is illustrated by the prediction of the CcpA-regulon (sugar catabolism control) in 
L. lactis IL1403 using Genome2D. We searched for and visualized putative CcpA-binding 
sites and promoter elements in the genome of L. lactis. Using the search-module in Ge-
nome2D (<Search>, 'Make Trained Set') and a list of 36 catabolite-responsive element (cre-
box) sequences from several Gram-positive bacteria (see Additional data file 1), a weight 
matrix [33] was made that generated the consensus sequence ATGWAARCGTTTWCA 
(where W represents A or T, and R represents A or G) (see Additional data file 2). Subse-
quent screening (<Search>, 'Search Trained Set') for this consensus sequence, with an arbi-
trary cutoff of 8 (a perfect match would give a score of 10.8 with our weight matrix), identi-
fied 1,807 putative cre-boxes in the genome of L. lactis IL1403. Around 43% of these boxes 
are located in intergenic regions. As CcpA can act as a repressor or activator depending on 
the position of a cre-box relative to the RNA polymerase binding site [34], consensus -35 
and -10 promoter element positions [35, 36] of genes were predicted in the genome of L. 
lactis IL1403 using the MEME motif search routine [37, 38] and Genome2D (unpublished 
data). The prediction was performed on intergenic regions from the L. lactis IL1403 ge-
nome, the primary location for promoter elements, which were extracted using Genome2D. 
Finally, the datasets from the cre-box and promoter element predictions were visualized 
onto the linear genome map of L. lactis IL1403 (see Figure 1 and Additional data file 3). Vis-
ual inspection confirmed the presence of operons previously described as regulated by 
CcpA [39-41]. Thirteen L. lactis genes (out of 116 putative CcpA-regulated genes) have 
counterparts in B. subtilis, on the basis of protein sequence comparisons using BLASTP (e-
values were lower than 10-49) ([42] and see Additional data file 4). The 13 B. subtilis genes 




macroarray analyses [43], indicating that Genome2D can be used to generate relevant pre-
dictions on gene regulation. However, we would like to emphasize that the in silico predic-
tion of gene regulation has to be corroborated by 'real' biological experiments, such as ge-
nome-wide transcriptome analysis [25, 44]. 
Conclusions 
Our analyses of transcriptome data in relation to the activity of specific transcription 
factors and their operator sites required a more flexible genome visualization program than 
is currently publicly available. We therefore developed Genome2D, a software tool that ena-
bles visualization of transcriptome data onto a linear map of an annotated bacterial genome 
and at the same time highlights additional features, such as putative regulatory sequences 
and terminators. The combination of information extraction and visualization facilitates rap-
id, easy and intuitive analysis of genomics data, and in our research group Genome2D 
proved to be of great assistance in the study of transcriptome data. New algorithms can be 
rapidly implemented in the Genome2D program menu structure. Regular updates of Ge-
nome2D will be available via the Internet. Because of the exponential increase of publicly 
available bacterial genome sequences and large-scale experiments, tools like Genome2D 
will become indispensable for the interpretation of complex datasets, such as those from 
transcriptome and proteome studies. 
 
Additional data files 
The following additional data are available with the online version of this article: a 
list of cre-box sequences found in Gram-positive bacteria (Additional data file 1); a screen 
dump from Genome2D showing the cre-box weight matrix (Additional data file 2); a Ge-
nome2D input (tab-delimited text) file with the coordinates of the identified cre-boxes and 
promoter elements in the genome of L. lactis IL1403 (color file) (Additional data file 3); a ta-
ble of cre-boxes identified in promoters of genes in the L. lactis IL1403 genome (Additional 







1. Doolittle RF: Biodiversity: microbial genomes multiply Nature 2002, 416(6882):697-700. 
2. DeRisi JL, Iyer VR, Brown PO: Exploring the metabolic and genetic control of gene expression on 
a genomic scale Science 1997, 278(5338):680-686. 
3. Lucchini S, Thompson A, Hinton JC: Microarrays for microbiologists Microbiology 2001, 147(Pt 
6):1403-1414. 
4. Wyrick JJ, Young RA: Deciphering gene expression regulatory networks Curr Opin Genet Dev 
2002, 12(2):130-136. 
5. Conway T, Schoolnik GK: Microarray expression profiling: capturing a genome-wide portrait of 
the transcriptome Mol Microbiol 2003, 47(4):879-889. 
6. Kielbasa SM, Korbel JO, Beule D, Schuchhardt J, Herzel H: Combining frequency and positional 
information to predict transcription factor binding sites Bioinformatics 2001, 17(11):1019-1026. 
7. Suzek BE, Ermolaeva MD, Schreiber M, Salzberg SL: A probabilistic method for identifying start 
codons in bacterial genomes Bioinformatics 2001, 17(12):1123-1130. 
8. Sabatti C, Rohlin L, Oh MK, Liao JC: Co-expression pattern from DNA microarray experiments as 
a tool for operon prediction Nucleic Acids Res 2002, 30(13):2886-2893. 
9. Bussemaker HJ, Li H, Siggia ED: Regulatory element detection using correlation with expression 
Nat Genet 2001, 27(2):167-171. 
10. Ermolaeva MD, Khalak HG, White O, Smith HO, Salzberg SL: Prediction of transcription termina-
tors in bacterial genomes J Mol Biol 2000, 301(1):27-33. 
11. Snel B, Lehmann G, Bork P, Huynen MA: STRING: a web-server to retrieve and display the re-
peatedly occurring neighbourhood of a gene Nucleic Acids Res 2000, 28(18):3442-3444. 
12. Zheng Y, Szustakowski JD, Fortnow L, Roberts RJ, Kasif S: Computational identification of oper-
ons in microbial genomes Genome Res 2002, 12(8):1221-1230. 
13. Eskin E, Keich U, Gelfand MS, Pevzner PA: Genome-wide analysis of bacterial promoter regions 
Pac Symp Biocomput 2003, :29-40. 
14. Kanehisa M, Goto S, Kawashima S, Nakaya A: The KEGG databases at GenomeNet Nucleic Acids 
Res 2002, 30(1):42-46. 
15. Karp PD, Riley M, Paley SM, Pellegrini-Toole A: The MetaCyc Database Nucleic Acids Res 2002, 
30(1):59-61. 
16. Salgado H, Santos-Zavaleta A, Gama-Castro S, Millan-Zarate D, Diaz-Peredo E, Sanchez-Solano F, 
Perez-Rueda E, Bonavides-Martinez C, Collado-Vides J: RegulonDB (version 3.2): transcriptional reg-
ulation and operon organization in Escherichia coli K-12 Nucleic Acids Res 2001, 29(1):72-74. 
17. Eisen MB, Spellman PT, Brown PO, Botstein D: Cluster analysis and display of genome-wide ex-
pression patterns Proc Natl Acad Sci U S A 1998, 95(25):14863-14868. 
18. Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N, Braisted J, Klapa M, Currier T, Thiagara-
jan M, Sturn A, Snuffin M, Rezantsev A, Popov D, Ryltsov A, Kostukovich E, Borisovsky I, Liu Z, 
Vinsavich A, Trush V, Quackenbush J: TM4: a free, open-source system for microarray data man-
agement and analysis BioTechniques 2003, 34(2):374-378. 
19. Saeed AI, Bhagabati NK, Braisted JC, Liang W, Sharov V, Howe EA, Li J, Thiagarajan M, White JA, 
Quackenbush J: TM4 Microarray Software Suite. Meth Enzymol 2006, 411:134-193. 
20. Zimmer DP, Soupene E, Lee HL, Wendisch VF, Khodursky AB, Peter BJ, Bender RA, Kustu S: Nitro-
gen regulatory protein C-controlled genes of Escherichia coli: scavenging as a defense against ni-




21. JACOB F, PERRIN D, SANCHEZ C, MONOD J: Operon: a group of genes with the expression coor-
dinated by an operator C R Hebd Seances Acad Sci 1960, 250:1727-1729. 
22. JACOB F, MONOD J: Genetic regulatory mechanisms in the synthesis of proteins J Mol Biol 1961, 
3:318-356. 
23. Kunst F, Ogasawara N, Moszer I, Albertini AM, Alloni G, Azevedo V, Bertero MG, Bessieres P, Bo-
lotin A, Borchert S, Borriss R, Boursier L, Brans A, Braun M, Brignell SC, Bron S, Brouillet S, Bruschi CV, 
Caldwell B, Capuano V, Carter NM, Choi SK, Codani JJ, Connerton IF, Danchin A: The complete ge-
nome sequence of the gram-positive bacterium Bacillus subtilis Nature 1997, 390(6657):249-256. 
24. Bolotin A, Wincker P, Mauger S, Jaillon O, Malarme K, Weissenbach J, Ehrlich SD, Sorokin A: The 
complete genome sequence of the lactic acid bacterium Lactococcus lactis ssp. lactis IL1403 Ge-
nome Res 2001, 11(5):731-753. 
25. Hamoen LW, Smits WK, de Jong A, Holsappel S, Kuipers OP: Improving the predictive value of 
the competence transcription factor (ComK) binding site in Bacillus subtilis using a genomic ap-
proach Nucleic Acids Res 2002, 30(24):5517-5528. 
26. Schmidt A, Schiesswohl M, Volker U, Hecker M, Schumann W: Cloning, sequencing, mapping, 
and transcriptional analysis of the groESL operon from Bacillus subtilis J Bacteriol 1992, 174
(12):3993-3999. 
27. Liu J, Zuber P: A molecular switch controlling competence and motility: competence regulatory 
factors ComS, MecA, and ComK control sigmaD-dependent gene expression in Bacillus subtilis J 
Bacteriol 1998, 180(16):4243-4251. 
28. Hahn J, Inamine G, Kozlov Y, Dubnau D: Characterization of comE, a late competence operon of 
Bacillus subtilis required for the binding and uptake of transforming DNA Mol Microbiol 1993, 10
(1):99-111. 
29. Ogura M, Yamaguchi H, Kobayashi K, Ogasawara N, Fujita Y, Tanaka T: Whole-genome analysis 
of genes regulated by the Bacillus subtilis competence transcription factor ComK J Bacteriol 2002, 
184(9):2344-2351. 
30. Berka RM, Hahn J, Albano M, Draskovic I, Persuh M, Cui X, Sloma A, Widner W, Dubnau D: Micro-
array analysis of the Bacillus subtilis K-state: genome-wide expression changes dependent on 
ComK Mol Microbiol 2002, 43(5):1331-1345. 
31. Rocha EP, Danchin A: Essentiality, not expressiveness, drives gene-strand bias in bacteria Nat 
Genet 2003, 34(4):377-378. 
32. Guedon E, Jamet E, Renault P: Gene regulation in Lactococcus lactis: the gap between predicted 
and characterized regulators Antonie Van Leeuwenhoek 2002, 82(1-4):93-112. 
33. Staden R: Computer methods to locate signals in nucleic acid sequences Nucleic Acids Res 1984, 
12(1 Pt 2):505-519. 
34. Henkin TM: The role of CcpA transcriptional regulator in carbon metabolism in Bacillus subtilis 
FEMS Microbiol Lett 1996, 135(1):9-15. 
35. van de Guchte M, Serror P, Chervaux C, Smokvina T, Ehrlich SD, Maguin E: Stress responses in 
lactic acid bacteria. Antonie Van Leeuwenhoek 2002, 82(1):187-216. 
36. van de Guchte M, Kok J, Venema G: Gene expression in Lactococcus lactis FEMS Microbiol Rev 
1992, 8(2):73-92. 
37. Bailey TL, Elkan C: The value of prior knowledge in discovering motifs with MEME Proc Int Conf 
Intell Syst Mol Biol 1995, 3:21-29. 
38. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble WS: MEME 
SUITE: tools for motif discovery and searching. Nucleic Acids Res 2009, 37(Web Server issue):W202. 
70 
Chapter 3 
39. Luesink EJ, van Herpen RE, Grossiord BP, Kuipers OP, de Vos WM: Transcriptional activation of 
the glycolytic las operon and catabolite repression of the gal operon in Lactococcus lactis are 
mediated by the catabolite control protein CcpA Mol Microbiol 1998, 30(4):789-798. 
40. Even S, Lindley ND, Cocaign-Bousquet M: Molecular physiology of sugar catabolism in 
Lactococcus lactis IL1403 J Bacteriol 2001, 183(13):3817-3824. 
41. Gaudu P, Lamberet G, Poncet S, Gruss A: CcpA regulation of aerobic and respiration growth in 
Lactococcus lactis Mol Microbiol 2003, 50(1):183-192. 
42. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment search tool J Mol Biol 
1990, 215(3):403-410. 
43. Moreno MS, Schneider BL, Maile RR, Weyler W, Saier MH,Jr: Catabolite repression mediated by 
the CcpA protein in Bacillus subtilis: novel modes of regulation revealed by whole-genome 
analyses Mol Microbiol 2001, 39(5):1366-1381. 
44. Bulyk ML, McGuire AM, Masuda N, Church GM: A motif co-occurrence approach for genome-






























A common problem in the annotation of open reading frames (ORFs) is the 
identification of genes that are functionally similar but have limited or no sequence 
homology. This is particularly the case for bacteriocins, a very diverse group of 
antimicrobial peptides produced by bacteria and usually encoded by small, poorly 
conserved ORFs. ORFs surrounding bacteriocin genes are often biosynthetic genes. This 
information can be used to locate putative structural bacteriocin genes. Here, we describe 
BAGEL, a web server that identifies putative bacteriocin ORFs in a DNA sequence using 
novel, knowledge-based bacteriocin databases and motif databases. Many bacteriocins are 
encoded by small genes that are often omitted in the annotation process of bacterial 
genomes. Thus, we have implemented ORF detection using a number of published ORF 
prediction tools. In addition, BAGEL takes into account the genomic context, i.e. for each 
potential bacteriocin-encoding ORF, the sequence of the surrounding region on the 
genome is analyzed for genes that might encode proteins involved in biosynthesis, 
transport, regulation and/or immunity. These innovations make BAGEL unique in its ability 
to detect putative bacteriocin gene clusters in (new) bacterial genomes. BAGEL is freely 
accessible at: http://bioinformatics.biol.rug.nl/websoftware/bagel. 
 
INTRODUCTION 
Bacteriocins are antimicrobial peptides produced by bacteria, which are active 
against either closely related or more distant species. They provide a defense mechanism 
for the producing strain as they can kill other bacteria. Therefore, bacteriocins are applied 
as food preservatives [1, 2] and are of interest for the development of novel antibiotics [3, 
4]. They are exported across the cytoplasmic membrane by dedicated transporters 
containing an ATP-binding cassette (ABC-transporter), and are often processed by a specific 
protease, although occasionally these two functions are combined [5]. In many cases the 
bacteriocin-encoding gene cluster also contains one or more immunity proteins to prevent 
self-killing. The expression of bacteriocin gene clusters is often under control of a two-
component signal transduction system, which is usually part of the cluster. The inducer can 
be either the bacteriocin itself or a bacteriocin-like peptide. Various classes of over 200 
known bacteriocins have been defined, based on features such as the nature of post-
translational modifications, specific anti-bacterial activity, formation of oligomers, protein 
size, presence of sugar moieties, presence of positively charged amino acids and mode of 
action. Five main classes reported in literature are as follows: (i) lantibiotics, 
posttranslationally modified peptides [5]; (ii) non-modified heat stable bacteriocins [6-8]; 















































































































































































































































































































































































































































































































































































































































































































































moieties [9] and (v) circular bacteriocins [10] (Table 1). A number of classes are divided into 
subclasses (Table 1). These differences in properties reflect the large divergence between 
bacteriocins [11].  
The classical way of identification of a bacteriocin has been by determining its 
biological activity through extensive testing of the (putative) producer strain for inhibition of 
the growth of other bacteria. A few reports [5, 7, 9, 12] describe the identification of 
putative bacteriocins by screening a genomic DNA sequence for the presence of bacteriocin 
genes and their genomic context for biosynthetic genes.  
Here, we present the web-based software tool BAGEL, which enables the 
identification of bacteriocins and their biosynthetic clusters through a knowledge-based 
database. It takes advantage of the fact that accessory genes encoding proteins needed for 
processing, modification, transport, regulation and/or immunity are commonly located in 
the vicinity of a putative bacteriocin gene. Furthermore, open reading frame (ORF) 
detection is provided, which makes BAGEL independent of GenBank annotations and thus 
prevents the oversight of small non-conserved ORFs (the most probable candidates for 
bacteriocin genes), which are omitted from many genome annotations. A typical BAGEL 
search on a genome sequence results in a set of putative bacteriocin gene clusters. These 
are ranked according to the presence of significant features in the amino acid sequences 
and their genomic context. The output contains comprehensive information on the 
predicted putative bacteriocins. BAGEL is the first fully automated and very fast tool for the 
identification of new bacteriocin gene clusters. We demonstrate the power and versatility of 




System requirements and the web-interface 
BAGEL runs on a Linux platform (Fedora Core 3; http://fedora.redhat.com/) with 
Apache web-server (2.0.48), MySQL server (version 3.23.58), PHP 4.3 (http://www.php.net/) 
and Perl 5.8.7 (http://www.perl.org/). Furthermore, the following software is used: FASTA 
3.4 [13]; Blast 2.2.9 [14]; HMMsearch (HMMER 2.2g HHMI/Washington University School of 
Medicine); Glimmer v2.13 [15]/RBSfinder (http://www.tigr.org/software/
genefinding.shtml); Zcurve [16]; and GeneMark [17]. Depending on the load of the server (in 
this study a dual Opteron 2.2 GHz was used) a BAGEL search takes about 1 min to discover 
bacteriocin gene clusters in a genome of 2 Mb. In short, BAGEL consists of a PHP web-
interface and a bash script with three Pascal modules compiled by FreePascal (version 
1.0.10; http://www.freepascal.org/). These modules allow connecting the various tools 
employed by BAGEL (see above) by their input and output.  
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The web-interface consists of three separate web pages: (i) one for uploading of a 
GenBank file; (ii) a page with parameters; and (iii) the status and results page. The status 
page presents, after a successful run, hyperlinks to the search results web pages. Each run 
is assigned a session-id allowing the user to inspect the results at any given time. The 
output of BAGEL consists of several graphical representations of the genomic context of the 
putative bacteriocin encoding gene (5).  
 
Process overview 
Figure 1 presents a flow scheme of BAGEL. The first step (Figure 1A) provides a 
genome sequence in the form of a GenBank file. The second step (Figure 1B) enables to set 
parameters for the search. In the third step (Figure 1C), the run phase, the following is 
performed: (i) screening of the provided genome sequence for protein-databases 
(bacteriocin, highly unlikely bacteriocins, immunity and circularization proteins) and motif-
(A) A web page where a genome sequence 
is provided in GenBank file format. Option-
ally, an annotated reference genome can 
be selected in case a de novo ORF search 
was performed on the input genome. (B) A 
web page with parameters concerning the 
search and scoring of putative bacteriocins. 
(C) The actual search for putative bacterioc-
ins takes place through a script which re-
cruits (i) the various search modules; (ii) the 
peptides with a hit to the various databases 
(indicated by a plus sign) are further anno-
tated; and (iii) the results concerning puta-
tive bacteriocins (indicated by a plus sign) 
are exported to a results database. (D) This 
database is used to provide the BAGEL user 
with the search results in a web page. An-
notation (optional): if a genome with new 
ORF annotations was provided, the 
(optional) annotated reference genome is 
used (if possible) to connect the putative 
bacteriocin ORF to an existing genome an-
notation. 




databases; (ii) properties are added to the putative bacteriocins and (iii) the results are 
combined and exported to a result database. A successful run results in a web page (Figure 
1D) with information concerning the putative bacteriocins.  
 
Input 
Genome sequences in GenBank format are used by BAGEL. They can either be se-
lected from an extensive list of sequenced bacterial genomes (NCBI: ftp://ftp.ncbi.nih.gov/
genomes/Bacteria/) or be provided by the user. In the case that a non-annotated GenBank 
file is uploaded, a reference genome can optionally be selected from the available genomes. 
The use of a reference genome, which should be the annotated counterpart of the upload-
ed genome, allows the user to quickly determine whether or not a putative bacteriocin-
encoding ORF has already been annotated in the genome of interest. In addition, we offer a 
freeware tool, Genome2D [18], to convert several formats (FASTA, tab delimited or Excel 
files) to the GenBank file format.  
 
ORF detection 
Because bacteriocins are commonly encoded by small ORFs that are regularly 
omitted in the annotation process of bacterial genomes, we provide ORF detection. In order 
to deal with genome sequences of different GC contents, three ORF prediction tools suited 
for detection of small ORFs have been implemented in our ORF tool: (i) Glimmer/RBSfinder 
[15]; (ii) Zcurve [16]; and (iii) GeneMark [17]. In a DNA sequence in FASTA file format, the 
ORFs are detected and saved in a GenBank formatted file that can subsequently be used for 
bacteriocin detection by BAGEL.  
 
Bacteriocin database 
A bacteriocin database was built to enable comparison of peptides being screened 
to known bacteriocins and their gene clusters. Bacteriocin sequences were retrieved from 
various databases: (i) the SRS server of ExPasY (http://www.expasy.org/srs/); (ii) the NCBI 
server (http://www.ncbi.nlm.nih.gov/entrez/); and (iii) the text search option from UniProt 
(http://www.expasy.uniprot.org/). Since not all known bacteriocins were present in these 
databases, expertise of our research group in combination with a literature search was used 
to complete the bacteriocin database. The annotation of these bacteriocins was extended 
with information of bacteriocin classes and, if possible, a hyperlink to the UniProt database. 
A database of known colicins, derived from the NCBI database, was built to screen with 
Blast for colicins. These class-III bacteriocins are identified solely on the basis of mutual ho-





A number of conserved short peptides (motifs) have been described for specific bac-
teriocins such as the FNDLV motif and GG motif [7, 19]. These motifs enable the search in 
poorly conserved proteins. We extended the number of motifs from conserved regions in 
bacteriocins (Table 2) based on literature data. For example, the motif for a common pro-
cessing site contains two conserved glycine residues in positions −1 and −2 (double-GG mo-
tif) [7] relative to the start of the mature peptide. This double-GG motif was extended with 
GA, GS, PR, PQ [20]. These two amino acid sites are only considered as potential processing 
sites if they are within a proper range from the N-terminus (by default 12–25 amino acids). 
From the alignment of the double-GG leader sequences of a number of bacteriocins [7], a 
weight matrix was constructed that scores for a processing site and the leader sequence.  
The adjacent genes of bacteriocin-encoding genes contain well-defined conserved 
motifs, which are described in a PFAM database (in the form of hidden Markov models).  
The domains for ABC-transporter and the protease C39 family were described by 
the well-defined existing PFAM domains, PF00005 and PF03412, respectively (Table 1). 
PFAM domain PF06580 represents a conserved region within bacterial histidine kinase en-
zymes (Table 1).  
 
Database with highly unlikely candidates (HUC-database) 
Several genomes were screened for bacteriocins genes (see Supplementary Table 
S1) and manually investigated for the presence of highly unlikely candidates (HUCs) based 
 




Motif Motif present in Reference 
YGNGXXCXXXXC Class IIa (25)
GXXXTXBEC Class IIb (26)
YYGNGVXC Class IIa (27)
GWAXGXXXG Class II (19)
FNDLV Lantibiotics (19)
MREOB Class II microcins (28)
GXOXTXBX-C Lantibiotics (26)
CPTTXCXXXC Lantibiotics (26)
AXXXAAXGA Lantibiotics This work 
AX(FA)(LFV)AA(PL)GA Lantibiotics This work 
Leader motifs     
PR/PQ/GA/GS Lantibiotics and Class IIb (20)




on (i) their annotation in EMBL/GenBank database, (ii) similarity to other organisms, and (iii) 
expert knowledge. Those candidates that complied with the above-mentioned criteria were 
used for the HUC-database. BAGEL will consider a peptide as an extremely unlikely bacteri-
ocin candidate if the FASTA score of the peptide to a member of the HUC-database is lower 
than 10−8.  
 
Classification 
Five classes of bacteriocins have been described in literature [21, 22] (Table 1). In 
order to determine the class to which a putative bacteriocin belongs, five criteria were used; 
(i) homology to a classified bacteriocin from the bacteriocin database; (ii) presence of class-
specific PFAM domains (Table 1); (iii) presence of class-specific motifs from the motif data-
base; (iv) protein size; and (v) iso-electric point of the mature peptide being eight or higher. 
Trial runs with known bacteriocins showed that, although in many cases the correct class 
was predicted, in some cases no class could be assigned, indicating that these criteria are 
not discriminative for all putative bacteriocins. Bacteriocins belonging to class III, consisting 
of relatively large (>30 kDa) bacteriocins also known as colicins, are easily predicted as they 
are very homologous to their known counterparts.  
 
Search criteria 
Six steps have been implemented to search for putative bacteriocins: (i) a FASTA 
search for known bacteriocins in the bacteriocin database (default cut-off is 10−4); (ii) BLAST 
search for known colicins in the colicin database (default cut-off is 10−15); (iii) a HMMsearch 
with PFAM domains from the motif database (Table 1) (default cut-off is 10−1); (iv) leader 
sequence detection by using the motif database [7]; (v) conserved motif search with a regu-
lar expression (Table 2); and (vi) distance profiling (default distance is 8, which means that 
biosynthetic genes should be at a maximum distance of 8 ORFs to the putative bacteriocin) 
(Figure 2). An HMM-search is used to annotate biosynthetic genes (default cut-off is 10−4). 
After a search, data on the protein size, charge distribution, pI and cystein content are add-
ed to the results. Not all of the mentioned criteria contribute equally to the final score. A hit 
with a search method results in the increase of the score of a putative bacteriocin by an as-
sociated weight factor (Table 3). These weight factors have been empirically fine-tuned by 
screening 10 bacterial genomes (see Supplementary Table S1) to yield the best signal (an 
experimentally verified bacteriocin) to noise (a very unlikely candidate bacteriocin; see 
above) ratio. A putative bacteriocin is discarded by BAGEL if it (i) is similar to a member of 
the HUC-database (default Blast cut-off is 10−16) or (ii) is smaller than the minimum size of a 





After the screening of the protein sequences for putative bacteriocins, the results 
are exported to a MySQL database. The status- and results web page shows a table with a 
summary of the search results. In addition, two queries on the database can be performed 
by the user: (i) a list of results in a table including hyperlinks to web resources and infor-
mation of significant properties and (ii) a table for each potential bacteriocin and a visual 
representation of its location on the genome sequence.  
 
 
Figure 2. Distance profiling 
 
Distance profiling. Adjacent genes are annotated on the basis of motifs or a hit to one of the data-
bases described in Figure 1C. The presence of ORFs, of which the products are homologous to pro-
teins known to be involved in bacteriocin biosynthesis, contributes to the probability that an ORF 
encodes a bacteriocin. In this example, the biosynthetic genes (red) are at position −2 (two ORFs 
upstream) and +4 (four ORFs downstream) of the putative bacteriocin ORF, as indicated by the rul-
er. 










The sum of the weight factors for the scored properties yields the final score. The peptide is consid-
ered as a significant hit when the total score is above 175. 
 
Property Weight factor 
Motif present 60
FASTA hit on bacteriocin database 100
Adjacent genes 100
PFAM/HMM motif 60
Leader sequence present 100
Blast hit with colicin database 120





For performing a de novo search for bacteriocins the BAGEL web-server is freely ac-
cessible at http://bioinformatics.biol.rug.nl/websoftware/bagel. The bacteriocin database 
can be queried from the web interface at http://bioinformatics.biol.rug.nl/bacteriocin. The 
ORF prediction tool is freely accessible at http://bioinformatics.biol.rug.nl/websoftware/orf. 
Table S1 is accessible at http://bioinformatics.biol.rug.nl/supplementary/bagel_data/.  
 
RESULTS AND DISCUSSION 
 
Design and validation 
Owing to the large diversity in bacteriocins [11] and their small size, a complex 
strategy is needed for the automated detection of their encoding genes in bacterial 
genomes. To this end, BAGEL was developed. Ideally, de novo ORF detection is performed 
on a genome sequence to identify all (small) ORFs. The resulting ORFs are screened by 
BAGEL using a reference genome to annotate the resulting putative bacteriocin genes.  
The BAGEL screening process of ORF products (by default sizes between 25 and 100 
amino acids) starts by a FASTA search [13] against our bacteriocin database. FASTA was 
found to be more accurate for small peptides than BLAST [14]. Larger peptides (>100 amino 
acids) are more efficiently screened with the Blast alignment method. The putative 
bacteriocin sequence is annotated by comparison with the various databases (see above for 
details).  
The methodology employed by BAGEL has been optimized empirically by a constant 
evaluation of the performance of the software in detecting known bacteriocins. For four 
bacterial genomes (Table 4 and Supplementary Table S1) BAGEL correctly identified all 19 
encoded and described bacteriocins, demonstrating the high accuracy of the software.  
 
Identification of new bacteriocins with BAGEL 
In addition to sublancin and subtilisin, four other ORFs in the genome of Bacillus 
subtilis were identified as putative bacteriocin-encoding genes (Table 4). The peptides 
specified by these four ORFs contain a number of bacteriocin-like features (Table 4). Two 
peptides, YhaJ and YukD, show weak similarity to microcin H47. The other two peptides, 
yxzE and yufS, are not similar to any known bacteriocins. However, ORFs in the immediate 
vicinity of the yxzE and yufS genes specify proteins that are homologous to (i) an ABC 
transporter and (ii) a two-component system, demonstrating that the context  search might 
lead to the discovery of new types of bacteriocin-like peptides. In Streptococcus 
pneumoniae TIGR4 seven putative bacteriocin genes (blpUKNIJMO) have been described 
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[23], which were all identified by BAGEL. Interestingly, of these seven only blpU (thmA in 
R6) [24, 25] was identified by BAGEL in the R6 strain (Table 4). Four additional putative 
peptides were scored as potential bacteriocins encoded by the genome of S. pneumoniae 
TIGR4 (Table 4). They all are annotated as ‘hypothetical’ and do not show any homology to 
known bacteriocins. However, they all contain a potential processing site and their adjacent 
genes encode proteins that could putatively be involved in the production of an active 
bacteriocin, again demonstrating the power of the context search for the identification of 
novel putative bacteriocins or inducing factors. This BAGEL search indicates that 
S.pneumoniae TIGR4 could contain as many as 11 bacteriocin-encoding sequences, but as 
Table 4. Summary of results obtained by the application of BAGEL on various genomes 
  
 Gene/locus  Homology  ABC  HK  C39  Score  Reference  
Bacillus subtilis 168  
 sunA   Sublancin  −1   −1  375  [20]  
 sbo   Subtilosin A     255  [12] 
 yhaJ   Microcin H47     255  
 yukD   Microcin H47     255  
 yxzE     −5/+2    225  
 yufS     −4  −7   225  
 
Streptococcus pneumoniae TIGR4  
 SP0041  BlpU   +1   +1  385  [23]  
 SP0533  BlpK      360  [23] 
 SP0540  BlpN      250   [23] 
 SP0531  BlpI      255   [23] 
 SP0532  BlpJ      255   [23] 
 SP0539  BlpM      255   [23] 
 SP0541  BlpO      255   [23] 
 SP0109  putative  +2    325  
 SP1949    +8   +4  175  
 SP0792    −6  +7   225  
 SP1832    −7/+8    165  
 SP1948    +5   +5  165  
 
Streptococcus pneumoniae R6  
 thmA   BlpU   +3   +3 490  [24, 25]  
 spr0141    −4/+8    175  
 spr1185    −2/+3    235  
 spr1199    −8/+4    235  
 spr1766    +7   +4  175  
 ip     +3  +4   325  
 spr0700    −6  +8   225  
 spr0098  SP0109  +8    325  




no bacteriocin-like activity has been proven for this strain, their expression might be under 
complex regulatory control. It cannot be excluded, however, that some putative bacteriocin
-encoding genes might actually function as inducing factors. Similar results were obtained 
for other genomes that were analyzed with BAGEL (see Supplementary Table S1).  
 
Identification of new bacteriocins using ORF prediction 
To investigate whether the omission of small ORFs in bacterial genomes results in 
the underestimation of the number of bacteriocin genes  , the ORF prediction tool was 
applied on the genome sequence of S.pneumoniae TIGR4. The use of this new set of ORFs in 
BAGEL allowed the identification of one additional potential bacteriocin. It showed similarity 
to bacteriocin PlnB of Lactobacillus plantarum. Interestingly, this peptide was also identified 
in S.pneumoniae R6 after applying the same procedure (23), demonstrating the importance 
of re-annotation of an original genome sequence to be able to identify as many as possible 
putative bacteriocin genes.  
 
Conclusion 
The power of BAGEL in annotating putative bacteriocin genes stems from the fact 
that it combines (i) all information on sequence motifs, characteristics and functions of the 
proteins involved in the biosynthesis of the putative bacteriocin, with (ii) the genetic context 
of the encoding genes and, (iii) our knowledge-based bacteriocin database. Owing to the 
enormous variety among the five main bacteriocin classes and their sub-classes, the 
predicted bacteriocins might still be false positives. Future insights in the interesting and 
rapidly developing field of bacteriocin research will help improving the BAGEL algorithm, as 
its database will be updated regularly with confirmed new bacteriocin information.  
 
SUPPLEMENTARY DATA 
Supplementary data are available at NAR Online.  
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Mining bacterial genomes for bacteriocins is a challenging task due to the 
substantial structure and sequence diversity, and generally small sizes, of these 
antimicrobial peptides. Major progress in the research of antimicrobial peptides and the 
ever-increasing quantities of genomic data, varying from (un)finished genomes to meta-
genomic data, led us to develop the significantly improved genome mining software 
BAGEL2, as a follow-up of our previous BAGEL software. BAGEL2 identifies putative 
bacteriocins on the basis of conserved domains, physical properties and the presence of 
biosynthesis, transport and immunity genes in their genomic context. The software 
supports parameter-free, class-specific mining and has high-throughput capabilities. 
Besides building an expert validated bacteriocin database, we describe the development 
of novel Hidden Markov Models (HMMs) and the interpretation of combinations of HMMs 
via simple decision rules for prediction of bacteriocin (sub-)classes. Furthermore, the 
genetic context is automatically annotated based on (combinations of) PFAM domains and 
databases of known context genes. The scoring system was fine-tuned using expert 
knowledge on data derived from screening all bacterial genomes currently available at the 
NCBI. BAGEL2 is freely accessible at http://bagel2.molgenrug.nl. 
 
INTRODUCTION 
Bacteriocins are ribosomally synthesized antimicrobial peptides produced by 
bacteria. These compounds are of high interest to researchers in biotechnology and 
medicine, because of numerous (potential) applications based on their potent 
antimicrobial activity. Next to application as food preservatives (1), bacteriocins can be 
used for the development of novel antibiotics (2). Bacteriocin genes frequently have genes 
encoding proteins involved in bacteriocin regulation, self-immunity, transport and 
modification in their close genomic proximity. Discovery of new bacteriocins is shifting 
from classical screening for activity towards in silico analysis of genomic data. This is a 
challenging task due to the small size of bacteriocins and the fact that small ORFs are often 
omitted from annotations, especially when no homology to known proteins is found. 
Thorough bacteriocin prediction methods should therefore not only exploit homology to 
known bacteriocins and motifs therein, but they should also take into account the 
genomic context of the putative bacteriocin. To ensure that no putative bacteriocins are 
missed, an ORF calling procedure focusing on small ORFs should be employed. The only 
automated tool for discovery of bacteriocins until now is BAGEL (3), which has been used 
successfully in several studies (4–6). Here, we present the significantly improved 
BActeriocin GEnome mining tooL 2 (BAGEL2; Supplementary Table S1). Next to 
implementing current knowledge from the rapidly advancing molecular research in 
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bacteriocins, the software now allows high-throughput screening to cope with the ever-
increasing size of genomic data sets. This new feature of BAGEL2 enabled us to use data 





Improvement of the software 
Major improvements of BAGEL2 are the extended use of Hidden Markov Models 
(HMMs) and of the manually curated databases of known bacteriocins and context genes 
(encoding proteins for modification, immunity/transport and two component systems; 7–
10). Furthermore, regular expressions (Supplementary Table S2) are used for improved 
recognition of bacteriocins. An advanced classification algorithm has been implemented 
that predicts sub-classes according to the updated classification scheme (1) (Table 1). Due 
to many changes in BAGEL2 compared to the first version, BAGEL (3), among which the 
possibility for high-throughput screening, a new scoring algorithm has been implemented. 
A schematic overview of the program is presented in Figure 1. Finally, the web server now 
offers the possibility to BLAST peptides against the bacteriocin database and offers an 
improved ORF calling system. 
 
Classification 
One of the greatly improved features of BAGEL2 is the (sub-)classification of puta-
tive bacteriocins and, thus, the class-specific mining of genomes for bacteriocins. For BA-
GEL2, the classification scheme proposed by Cotter et al. (1) is implemented, with addition 
of the arguable Class III (for complete coverage), which contains relatively large antimicro-
bial proteins. Class I contains the lantibiotics; sub-classification of this class is according to 
Wiley et al. (11): IA, LanBC-modified; IB, LanM-modified; and IC, LanL-modified (12). For 
identification of sub-class IC through context screening an alignment of LanL was used to 
identify a motif for LanL encoding genes. Class II bacteriocins are sub-classified (A, B, C and 
Table 1. Classification scheme used by BAGEL2  
Class I lanthionine Class II non-lanthionine Class III 
A  LanBC modified A  Pediocin-like Large proteins 
B  LanM modified B  Two-component 




D) according to Cotter et al. (1). Classification of bacteriocins in BAGEL2 is based on homol-
ogy to known bacteriocins, presence of motifs, context genes and properties related to the 
specific class. BAGEL2 creates separate candidate lists for each class by assigning only class-
relevant points. The sub-class is predicted by a simple interpretation of sub-class-specific 
features registered by BAGEL2.  
 
Figure 1. Process overview.  
 
(A) The input genome data can be a single or multi-entry GenBank file, in case of non-annotated 
data or, if re-annotation is desired, an ORF calling can be performed via the BAGEL2 web site. (B) 
Annotation of putative bacteriocins and their genomic context genes. (C) Calculation of score for 
each candidate and generation of detailed reports (including graphical representation).  
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Scoring algorithm  
Eleven rules were implemented to add a specific weight factor (Table 2) to each pu-
tative bacteriocin: (i) based on a BLAST search against the bacteriocin database, high ho-
mology to a known bacteriocin Class I or Class II adds a weight factor, where a low homolo-
gy adds half the weight factor; (ii) for bacteriocin of Class III, one threshold value is used; 
(iii) a match with the regular expression database; (iv) for each motif in the HMM database 
a weight factor is added on the basis of specificity and P-value cut-off in the HMM search 
(Supplementary Table S3); (v) presence of a processing site at the proper position in the 
bacteriocin; (vi) presence of cysteine in combination with serine/threonine; (vii) properties: 
iso-electric point, protein size and charged residues; (viii) presence of a biosynthesis or im-
munity gene in the genomic context on the basis of a BLAT hit in the database; (ix) pres-
ence of an ABC transporter, histidine kinase or a C39 type protease in the genomic context, 
using HMM for function detecting; (x) presence of genes for modification systems in the 
genomic context (see Supplementary Data); (xi) highly unlikely candidates (HUC) are 
masked using a BLAST search against the HUC database (only for Class III). These rules re-
sult in a score for each candidate bacteriocin. Candidates with ≥1800 points (threshold val-
ue) are considered ‘putative bacteriocins’, while candidates with a score below the thresh-
old value but with a score of ≥1000 are considered ‘interesting candidates’. The web server 
Table 2.  Weight factors used by the BAGEL2 scoring system 
Property Weight factor 
Blast hit with bacteriocin Class I or II, stringent cut-off 10 000 
Blast hit with bacteriocin Class I or II, non-stringent cut-off 5000
Blast hit with bacteriocin Class III 2000
[Cys]:[Thr,Ser] ratio 0.35: 0.80 and leader present 600
Bacteriocin regular expression match 500
Cysteine count between 2 and 8 400




Blast hit with context biosynthesis genes, Class I or II 200
Blast hit with context immunity genes, Class I or II 200
[Cys]:[Thr,Ser] ratio 0.25:0.55 and no leader 200
Presence of a leader processing site 100
HMM hit for context genes 100
PF00072 PF00486?Response 100
PF00512 PF02518?Sensor 100
Proper pI and charge 50








New finished genomes are downloaded daily from NCBI. Unfinished genome se-
quences were retrieved from NCBI genome projects (ftp://ftp.ncbi.nih.gov/genbank/wgs/). 
To collect microbial genomes, only a list was generated on the NCBI website 
(www.ncbi.nlm.nih.gov/genomes/lproks.cgi) to determine which genomes should be 
downloaded. Subsequently, genomic data was downloaded selectively with an FTP client. A 
collection of plasmid sequences was downloaded from NCBI genomes by searching for 
‘replication type:plasmid’ and limiting the results to bacterial data.  
 
High-throughput screening 
The BAGEL2 web server is designed for handling one data file per run. For high-
throughput screening of multiple (unfinished) genomes, we use a local stand-alone version 
of BAGEL2. The output can be either tab-delimited text or html and is stored in a MySQL 
database. A typical search for bacteriocin genes in all genomes available at the NCBI takes 
12–16 h on our server.  
 
Validation of BAGEL2 
The software was validated by close examination of the results obtained from 
screening all prokaryotic genomes available at NCBI: 1140 genomes and 738 plasmids. This 
resulted in 150 and 287 putative bacteriocins for Class I and Class II, respectively. Examin-
ing the original genomic annotation showed that 49% of the proteins identified by BAGEL2 
were already known as (putative) bacteriocins and 48% were annotated as hypothetical 
proteins with unknown function. A closer inspection of some of these hypothetical proteins 
and their genomic contexts revealed that these are indeed putative bacteriocins, based on 
our expert knowledge. Also, BAGEL2 predicted the presence of a Class I bacteriocin in Ba-
cillus licheniformis ATCC 14580, locus tag BL05375, which were recently proven to consti-
tute the biologically active two component lantibiotic lichenicidin (13). Of the putative bac-
teriocins predicted by BAGEL2, 3% could be identified as false as they had an annotation 
that was clearly not bacteriocin-related. In the screen of 1140 genomes and 738 plasmids, 
10 genes that were originally annotated as specifying (putative) bacteriocins were only an-





System requirement and the web interface 
BAGEL2 runs on a Linux platform (SentOS; http://www.centos.org/) with Apache 
web server (version2.2), MySQL server (version 5.1), PHP 5.0 (http://www.php.net/), Perl 
5.10 (http://www.perl.org/) and BioPerl 1.6.0 (http://www.bioperl.org/). Furthermore, the 
following softwares were used: BLAST 2.2.9 (14); BLAT (15); HMMsearch (HMMER3; http://
hmmer.janelia.org/); Glimmer v2.13 (16); RBSfinder (http://www.tigr.org/software/
genefinding.shtml); and Prodigal v1.20 (http://compbio.ornl.gov/prodigal/; publication in 
progress). We implemented the recently released HMMER3, which uses a different but 
much faster algorithm than HMMER2, mainly to keep the search time within 1 min. The 
web interface consists of two separate sections: (i) one for uploading or selecting of an al-
ready available GenBank file. This section also displays the status of the run; and (ii) a result 
section with a condensed table of top hits found by BAGEL2 and links to detailed reports of 
each individual putative bacteriocin and interesting candidates, including a graphical 
presentation of the gene cluster.  
 
Availability 
The BAGEL2 web server is freely accessible at http://bagel2.molgenrug.nl. Next to 
bacteriocin mining, the website offers ORF prediction tools and a BLAST server that can be 
used to BLAST search against the bacteriocin database. High-throughput data analysis can 
be performed upon request.  
 
RESULTS AND DISCUSSION 
 
Prodigal ORF prediction improves bacteriocin discovery 
Bacterial genomes are mostly annotated using Glimmer as ORF calling algorithm. 
Recently, Prodigal ORF prediction also became available at NCBI. For ORF prediction in pro-
karyotic genomic data, we compared the performance of Glimmer and Prodigal on four 
very well-annotated Gram positive bacterial genomes, i.e. B. subtilis 168, Lactobacillus 
plantarum WCFS1, Streptococcus pneumoniae TIGR4 and Enterococcus faecalis V583. Glim-
mer predicted more smaller ORFs (<360 bp) than Prodigal, but the Prodigal re-annotation 
of these genomes contained all the bacteriocins annotated in the original data whereas the 
Glimmer predictions lacked two. Moreover, re-annotation of several genomes using Prodi-
gal instead of Glimmer resulted in more novel ORFs encoding putative bacteriocins (data 






Identification and benchmarking of novel bacteriocin motifs 
For classification purposes, we identified motifs in several sub-classes/groups of lan-
tibiotics, which also proved to be useful in the identification of new potential lantibiotics. 
The motifs were obtained using the amino acid sequences of known lantibiotics (7) as input 
for MEME (17). Subsequently, the obtained motifs were checked by MAST (18) against the 
UniProtKB database and against a database of proteins created for validation purposes, 
which contained random Lactococcus lactis MG1363 genes and all known bacteriocins. The 
added value of these motifs is demonstrated by the identification of relevant gene clusters 
(Figure 2; Table 3; Supplementary Table S4). From 10 novel motifs, which were found to be 
discriminating for bacteriocins and useful for classification, an HMM was built 
(Supplementary Table S3A). Additionally, one motif based on the lacticin 481 group de-
scribed in literature was implemented (19). Furthermore, regular expressions were de-
duced from these new motifs (Supplementary Table S2B).  
 
Analysis of example genomes 
 The genomes of S. pneumoniae ATCC 700669, B. clausii KSM-K16 (re-annotated with 
Prodigal) and Corynebacterium matruchotii ATCC 33806 were analysed using BAGEL2, 
resulting in three lists with putative bacteriocins, one for each class. Here, we only discuss 
the Class I output (Table 4). From the six annotated genes identified by BAGEL2 as encoding 
Class I bacteriocins, only one gene was previously annotated as ‘putative lantibiotic’, the 
rest were annotated as ‘hypothetical protein’. Manual examination of the gene clusters 
suggests that the latter five might indeed be lantibiotics. An additional candidate gene, 
Figure 2. BAGEL2 graphical results 
 
BAGEL2 graphical output for putative bacteriocin (light green). ClocelDRAFT_0418 from Clostridium 
cellulovorans 743B, which was identified through the new MA-2PEPA motif. Amino acids in the leader 
sequence of the putative bacteriocin are indicated in green. Amino acids potentially involved in 
lanthionine ring formation are marked in red (cysteine) and blue (serine and threonine). 
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orf3711 of B. clausii KSM-K16, could only be identified by BAGEL2 after re-annotation of its 
genome with Prodigal. Furthermore, BAGEL2 was able to predict a sub-class for all putative 
bacteriocins obtained in this screening. Within the group of significant putative 
bacteriocins of Class I no false positives were observed. In this example of three genomes, 
∼80% of the putative bacteriocins of Class I identified by BAGEL2 are not annotated as 
such with current methods.  
 
Analysis of example genomes 
The genomes of S. pneumoniae ATCC 700669, B. clausii KSM-K16 (re-annotated 
with Prodigal) and Corynebacterium matruchotii ATCC 33806 were analysed using BAGEL2, 
resulting in three lists with putative bacteriocins, one for each class. Here, we only discuss 
the Class I output (Table 4). From the six annotated genes identified by BAGEL2 as encod-
ing Class I bacteriocins, only one gene was previously annotated as ‘putativoe lantibiotic’, 
the rest were annotated as ‘hypothetical protein’. Manual examination of the gene clusters 
suggests that the latter five might indeed be lantibiotics. An additional candidate gene, 
orf3711 of B. clausii KSM-K16, could only be identified by BAGEL2 after re-annotation of its 
genome with Prodigal. Furthermore, BAGEL2 was able to predict a sub-class for all putative 
bacteriocins obtained in this screening. Within the group of significant putative bacterioc-
ins of Class I no false positives were observed. In this example of three genomes, ∼80% of 
the putative bacteriocins of Class I identified by BAGEL2 are not annotated as such with 
current methods.  
 
CONCLUSION 
 Using BAGEL2, we showed that the annotation systems currently used by NCBI, TIGR 
and JGI fail to discover all putative bacteriocin genes in bacterial genomes. We demonstrat-
ed that the BAGEL2 web server is able to identify (small) bacteriocin-coding ORFs quickly 
and precisely using several crucial features in addition to homology. The incorporation of 
increasingly more bacteriocin knowledge into the software enables it to accurately predict 
Table 3. Putative bacteriocins identified by BAGEL2 using new HMMs 
Motif Putative bacteriocin identified by Organism
new motif  
LE-MER1 bpmyx0001_45460 B. pseudomycoides DSM 12442 
MA-2PEPA ClocelDRAFT_0418 C. cellulovorans 743B 
LE-LAC481 G11MC16DRAFT_3402 Geobacillus sp. 
G11MC16 LE-LanBC SnasDRAFT_14510 Stackebrandtia nassauensis 
DSM 44728 MA-2PEPb CORMATOL_02550 C. matruchotii ATCC 3380 




the sub-classes to which putative bacteriocins belong. The development of the automated 
bacteriocin prediction tool BAGEL2 significantly improves the prediction of putative bacte-
riocins and should be of added value to prokaryotic genome annotation pipelines. Rapid 
advances in sequencing methods and computational meta-genomics (20),  improving con-
tig lengths, will soon allow bacteriocin mining in meta-genomic data with BAGEL2. 
 
SUPPLEMENTARY DATA 
Supplementary Data are available at NAR Online.  
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Table 4. Putative Class I bacteriocins identified with BAGEL2 
Gene Product Protein_ID Class Score Organism 
SPN23F_12701 Putative lantibiotic YP_002511205.1 IB 8025 S. pneumoniae 
SPN23F_19710 Hypothetical protein YP_002511831.1 IB 2950 S. pneumoniae 
SPN23F_19700 Hypothetical protein YP_002511830.1 IB 1950 S. pneumoniae 
orf3711 Not annotated orf3711 IA 10400 B. clausii KSM 
CORMATOL_2550 Hypothetical protein EEG25958.1 IB 4775 C. matruchotii 
CORMATOL_2549 Hypothetical protein EEG25957.1 IB 3575 C. matruchotii 
CORMATOL_2551 Hypothetical protein EEG25959.1 IB 3375 C. matruchotii
Displayed are the combined data from mining the genomes of S. pneumoniae 23F, B. clausii KSM-
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PePPER:   
a webserver for Prediction of Prokaryote  






















Accurate prediction of DNA motifs that are targets of RNA polymerases, sigma 
factors and transcription factors (TFs) in prokaryotes is a difficult mission mainly due to as 
yet undiscovered features in DNA sequences or structures in promoter regions. Improved 
prediction and comparison algorithms are currently available for identifying transcription 
factor binding sites (TFBSs) and their accompanying TFs and regulon members.  
We here extend the current databases of TFs, TFBSs and regulons with our 
knowledge on Lactococcus lactis and developed a webserver for prediction, mining and 
visualization of prokaryote promoter elements and regulons via a novel concept. This new 
approach includes an all-in-one method of data mining for TFs, TFBSs, promoters, and 
regulons for any bacterial genome via a user-friendly webserver. We demonstrate the 
power of this method by mining WalRK regulons in Lactococci and Streptococci and vice 
versa and use L. lactis regulon data (CodY) to mine closely related species.  
The PePPER webserver offers, besides the all-in-one analysis method, a toolbox for 
mining for regulons, promoters and TFBSs and accommodates a new L. lactis regulon 
database in addition to already existing regulon data. Identification of putative regulons and 
full annotation of intergenic regions in any bacterial genome on the basis of existing 
knowledge on a related organism can now be performed by biologists and it can be done 
for a wide range of regulons. On the basis of the PePPER output, biologist can design 
experiments to further verify the existence and extent of the proposed regulons. The 
PePPER webserver is freely accessible at http://pepper.molgenrug.nl. 
 
Introduction 
As early as in 1960 the term operon was coined for a group of genes of which the 
expression is coordinated by an operator [1]. Experimental methods like Electrophoretic 
Mobility Shift Assays (EMSA), Surface Plasmon Resonance (SPR), nuclease protection assays 
(DNAse-footprinting) and Chromatin Immuno Precipitation (ChIP) can all be used to demon-
strate that an interaction exists between a transcription factor (TF) and DNA [2]. Experimen-
tally proven TFBSs have been described in literature and are available via publicly accessible 
databases such as DBTBS [3], RegulonDB [4], PRODORIC [5], MicrobesOnline [6], RegTrans-
Base [7] and RegPrecise [8]. Besides experimental proof for the existence of protein-DNA 
interaction, TFBS discovery algorithms have been developed to uncover conserved regions 
that might act as TFBSs (MEME [9], ARCS-Motif [10], GLAM2 [9], W-AlignACE [11], GIMSAN 
[12], RankMotif++ [13], GAME [14], and Tmod [15]). This so-called motif mining is based on 
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a collection of genes having a certain correlation. Gene-to-gene correlations can be derived 
e.g., from transcriptome data or from functional relations like belonging to the same meta-
bolic pathway or to certain COG or GO classes. Motif mining consists of a search for con-
served DNA patterns in the upstream intergenic regions of the genes or the operons to 
which the gene(s) belong. A high probability (low p-value) that the occurrence of a certain 
DNA pattern is very specific for a gene set does not necessarily imply that this motif consti-
tutes a TFBS but it is a good lead for biological functional analysis.  
 
Regulons 
Genes and operons that are under control of the same TF are members of that TF’s 
regulon. Although methods for the prediction of regulons have been substantially improved 
[16], they are still far from perfect. Comparative genomics tools can be used to predict reg-
ulons in bacterial genomes but the procedure can also lead to incorrect regulon calling. De-
spite this drawback, several regulon databases are available that are based purely on com-
parative genomics methods. Probably the most extended and accurate databases of regu-
lons are DBTBS for B. subtilis [3] and RegulonDB for E. coli[4]. The latest update of DBTBS 
brought the total number of B. subtilis TFs to 120, promoters to 1475 and regulated oper-
ons to 736, of which 463 operons have been experimentally validated [3]. Together, Regu-
lonDB and DBTBS are the major resources for regulon network mining dedicated to prokar-
yotes. PRODORIC and RegTransBase are the most extended and manually curated data-
bases on gene regulation in prokaryotes in general [5]. Besides regulon information they 
include TFBSs and bioinformatics tools for prediction, analysis and visualization of gene reg-
ulatory networks using ProdoNet [17] and furthermore, PRODORIC offers the tool “virtual 
footprint”, which can be used to mine for novel regulons. The in silico prediction of regu-
lons is usually based on operons that share the same TFBS and the information is supple-
mented with the results from comparative genomics analysis of known regulons. This meth-
od is used in the recently launched webserver RegPrecise [8], which gives access to a data-
base containing a collection of manually curated regulons grouped together by similar prop-
erties such as belonging to the same biological process or metabolic pathway. The database 
is limited to six closely related bacteria (Shewanella, Staphylococcus, Streptococcus, Ther-
motogales, Bacillales and Desulfovibrionales). On the other hand FITBAR [16] is dedicated 
to TFBS mining and discovery, RegAnalyst [18] and ProdoNet [17] are webservers enabling 
integration of data on proteomics and metabolic pathways and provide subsequent graph-
ical representation of networks.  
In this work, we designed and developed a novel tool, PePPER, to mine for regulons 
and TFBSs in any sequenced bacterial genome. As a showcase, we extended the existing 









Data resources  
MolgenRegDB is an integrated in house collection of TFs, TFBSs and regulons of L. 
lactis and is available via the PePPER webserver (http://pepper.molgenrug.nl). In addition, 
TF and TFBS data were downloaded from RegulonDB (E. coli) and DBTBS (B. subtilis) and 
subsequently reformatted and integrated together with MolgenRegDB in the PePPER data-
base. Data of all publically available bacterial genomes are daily updated from NCBI (http://
www.ncbi.nlm.nih.gov) and available via the PePPER webserver.  
 
Implemented mining tools 
Overrepresented DNA motifs are identified using MEME [9] and the position-specific 
probability matrices (PSPMs) obtained were converted to position weight matrices (PWMs) 
that are compatible with MOODS [19]. BLAST 2.2 [20] is used to identify ortholog protein 
regulon memebers. Glimmer3 [21] is used for automated gene detection (open reading 
frame or ORF calling) and Ribosomal Binding Sites (RBSs) are detected using RBSfinder [22]. 
In case of de novo ORF calling, the translation start is adapted to match the RBS prediction, 
otherwise the original annotation is used. TransTermHP [23] is implemented for the discov-
ery of putative transcription terminators. Possible secondary RNA structures are predicted 
and plotted using RNAfold and RNAplot of the Vienna package [24]. A new prokaryote pro-
moter prediction tool was developed and is based on PWMs and Hidden Markov Models 
(HMMs) of -35 and -10 consensus sequences and various sigma factor binding sites. PWMs 
and HMMs of B. subtilis and E. coli promoters are used as reference for Gram-positive and 
Gram-negative bacteria, respectively. A collection of individual tools used by PePPER are 
accessible via the webserver. 
 
 
Building the L. lactis TFBS library 
A database of validated L. lactis TFBSs of regulons derived from literature data was 
made after which for each TFBS a PSPM was calculated using MEME and subsequently 
106 
Chapter 6 
transposed to a MOODS compatible PWM format. To that end we used the upstream inter-
genic regions plus the first 20 bases of their genes as input for MEME in order to search for 
overrepresented DNA motifs. These motifs ranged in length from 6 to 18 bases and a data-
base of all intergenic regions of L. lactis MG1363 was used as a background model. Subse-
quently, the overrepresented DNA motifs were manually compared to the literature data. 
Only those DNA motifs that resemble the experimentally verified TFBSs were included in 
the database, including the MOODS cutoff values. An overview of TFBSs of regulons, includ-
ing WebLogos, is shown in Table S1; the database containing all the PSPM profiles is availa-
ble via the PePPER webserver.    
  
The PePPER toolbox 
A powerful toolbox has been created in PePPER and is accessible via the PePPER 
webserver. By selecting a regulon on the basis of its TF and one or more genomes, the pro-
gram will perform a Blast analysis between the proteins of the known regulon and all the 
proteins encoded by the genes in the selected genome(s). PePPER provides a clear overview 
in colors, of the predicted regulon(s), in each genome, which is based on the degree of pro-
tein homologies; detailed information is given in attached tables. More details about scor-
ing and the color scheme are given on the PePPER webserver.    
 
PePPER all-in-one 
PePPER all-in-one is a parameter-free pipeline of the individual PePPER tools allow-
ing fully automatic intergenic annotation combined with analysis of regulons. A schematic 
overview of the PePPER all-in-one process is shown in Fig 1. Two input formats are accept-
ed for analysis: i) plain DNA sequences in FastA format, ii) a fully annotated file in the Gen-
bank file format. DNA sequences lacking ORF information will be automatically annotated 
using Glimmer3 to discriminate between ORFs and intergenic regions. Input files in Gen-
bank format, either uploaded or selected from the PePPER library of genomes, will produce 
the most extended results, including hyperlinks to NCBI resources such as protein annota-
tion, protein domains and genomic context of the genes. The output is organized into three 
tables and one figure: i) Table 1, the “Summary of Results” contains links to detailed infor-
mation on analysis of regulons, TFBS, promoters, transcription terminators, RNA folding and 
de novo motifs analysis of MEME, ii) Table 2, “Files available for download”, iii) Table 3, 
Combined results of the TFBS and regulon mining. Figure 1 gives graphical presentation of 





Promoter prediction using PePPER 
A universal prokaryote transcription initiation DNA motif does not exist [2], but a 
common DNA pattern (the Pribnow box) found 10 base pairs upstream of the transcription 
start site (TSS) and a conserved sequence 35 base pairs upstream of the TSS are overrepre-
sented in promoter regions. These patterns are searched for separately, after which puta-
tive promoters are only taken into account if the spacing between their -35 and -10 motifs 
Figure 1  - Flow diagram of PePPER all-in-one 
The first step of PePPER all-in-one is to select a set of genes that putatively 
belong to a certain regulon in one organism (target; Box I represents all 
genes of the target organism) through comparison with the corresponding 
regulons in all other organisms (source) using protein Blast (genes in Box Ia). 
In parallel, the known TFBSs of these regulons are used to find genes in the 
target organism that carry this DNA motif in their upstream regions (genes in 
Box Ib). Subsequently, a MEME search is performed on the upstream regions 
of the genes in both independently obtained gene pools. This results in a set 
of genes that represents the putative regulon in the target organism with its 
predicted TFBS (genes in Box II). Finally, features such as RBSs, promoter and 
transcription terminators are added, after which the result is graphically 
represented. The information can be accessed and viewed separately per 
gene.   
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is 16 to 18 bases. Although many different sigma factors binding sites are known (especially 
from B. subtilis) these are not used in the promoter prediction routine used here; they are 
implemented as conserved DNA motifs in the TFBS mining tool. The resulting promoter pre-
diction algorithm is universal for prokaryotes, albeit that we offer the possibility to discrimi-
nate between Gram-positive and Gram-negative bacteria to improve the accuracy of the 
prediction algorithm. Furthermore, “incomplete” promoters, in which only a -35 or a -10 
sequence is predicted are also shown in the results. 
 
Webserver 
PePPER (http://pepper.molgenrug.nl) can be accessed through a user-friendly web 
interface for querying and browsing. The server runs on a linux platform (Ubuntu server LTS 
Table 1. Regulators of which the regulons have been studied in Lactococcus lactis ssp. 
cremoris MG1363 and Lactococcus lactis spp. lactis IL1403 and their literature references. -, 
strain/subspecies not specified 
Gene Literature Gene Literature
AhrC MG1363 [25,26] LlrA MG1363 [45]
ArgR MG1363 [25,26] LlrB MG1363 [45]
BusR -[27,28] LlrC MG1363 [45]
CcpA MG1363 [29] LlrD -[46]
CodY MG1363 [30,31] LlrE MG1363 [45]
ComX -[32] LlrF MG1363 [45]
CopR IL1403 [33] LlrG MG1363 [45]
CtsR MG1363 [34,35] LmrR MG1363 [47,48]
FhuR IL1403 [36] MalR -[49]
FlpA MG1363 [37] PhoU -[50]
FlpB MG1363 [37] PurR -[51,52]
FruR -[38] PyrR MG1363 [53]
GadR -[39,40] RcfB -[54]
GntR MG1363 [41] SpxA -[55,56]
HdiR MG1363 [42] XylR -[57]




10.04) with an Apache webserver (version 2.2) and a MySQL server (version 5.1) and Blast 
2.2. Programming was done using PHP 5.0, Perl 5.12 and BioPerl 1.8. A combination of 
Joomla and jQuery 1.4 is used to build the user-friendly web interface. 
 
Results and discussion 
 
Regulons in Lactococcus lactis 
Each of the 154 known or predicted TFs of L. lactis subsp. cremoris MG1363 [25] will 
probably regulate the transcription of one or more genes or operons. The functionality of 
32 TFs of L. lactis MG1363 and L. lactis subsp. lactis IL1403 has been reported in literature, 
using techniques ranging from DNA microarray analysis to DNA footprinting. Although the 
two lactococcal subspecies are closely related, not each regulator or regulon of one is pre-
sent or similar in the other. The majority of the TFs in MG1363 and IL1403 show a high de-
gee of mutual similarity. Of the 154 TFs in L. lactis MG1363, 22 are not present in  L. lactis 
IL1403 while 20 out of the 143 TFs identified in L. lactis IL1403 are not found in MG1363 
(Table 2). Analysis performed by PePPER showed that large regulons (those of CodY, CcpA, 
CmbR, CesSR, ArgR, and PurR) as well as some small regulons (those of RcfB, ZirR, BusR and 
LmrR) are well conserved in the two strains. The conservation of regulons between the 
closely related subspecies is illustrated by the CmbR regulon of cysteine and methionine 
biosynthesis, which has been studied in detail in both L. lactis IL1403 [26] and L. lactis 
MG1363 [27]. Analysis of both CmbR regulons shows that 16 out of 17 proteins in the 
IL1403 CmbR regulon have high similarity to MG1363 proteins (data not shown).  Finally, all 
known TFs and TFBSs of L. lactis were collected in one database, the MolgenRegDB. This is 
currently the most comprehensive manually curated regulon database of L. lactis; it is avail-
able via the PePPER webserver (http://pepper.molgenrug.nl). 
 
Prediction of the WalR regulon in four L. lactis strains  
The B. subtilis operon walRKyycHIJK is a 6-cistron operon encoding among others  a 
two-component system (TCS) WalRK that controls the expression of 23 genes. These genes 
represent the WalR regulon [28-31]. This signal transduction pathway is crucial for the reg-
ulation of cell wall metabolism and is one the few TCS known to be a virulence factor in S. 
pneumoniae [28]. The presence of the WalR regulon has never been described in L. lactis. 
We validated PePPER by comparing its results to literature data and subsequently used it to 
unravel the putative WalR regulons and cognate TFBS in 4 sequenced strains of L. lactis. 
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Figure 2  - Presence of regulon in query organisms by protein Blast 
WalRK regulon genes of B. subtilis (A) and S. pneumoniae (B) were used to perform a protein Blast 
in order to examine whether a WalRK regulon might be present in Lactococci and Streptococci. 
Colors from light to dark blue are indicative of increasing protein similarity; for more details see the 






























































































































































































































































































































































































































































































































PePPER showed that the products of 4 of the genes of the walRKyycHIJK of B. subtilis are 
orthologous to kinC, llrC and vicX, htrA of L. lactis MG1363 (see Table 2B). Furthermore, 
PePPER showed that 13 out of the 23 proteins  of the WalR regulon of B. subtilis show high 
similarity (Blast e-value <10-20) to proteins in L. lactis MG1363; they are organized in 6 oper-
ons (Table 2A). Using PePPER’s multiple genome mining tool, it is clear that orthologs of the 
WalRK TCS and part of the WalR regulon genes of B. subtilis are present in all other fully se-
quenced L. lactis strains: IL1403, SK11 and KF147 (Table 2B). 
Table 2. Analysis of regulons.  
A. Comparison of the B. subtilis WalRK regulon to the L. lactis MG1363 genome.  
B. Comparison of the WalRK TCS of B. subtilis to the L. lactis orthologs using PePPER’s multiple 
genome regulon mining tool. Note that a nomenclature mix up took place in the B. subtilis 168 
NC_000964 file (release Feb. 2011); in this release, YycG (locus BSU40400 ) is called WalK, but it is 
described as "two-component sensor histidine kinase YycF” while YycF is labeled WalR “two-
component response regulator YycG”. The names WalR and WalK have recently been corrected.   
Due to this temporary swap, the annotation of yycF and yycG could still be wrong in the annotation 
of other bacterial genomes  
Table 2 Analysis of regulons
B. subt L. lactis  MG1363 Blast
locus tag gene name Protein ID GeneID e-value
walK llmg_0414 llrC YP_001031764.1 4797664 2.00E-91
walR llmg_0413 kinC YP_001031763.1 4798420 1.00E-95
yycJ llmg_0412 vicX YP_001031762.1 4798732 4.00E-78
yycK llmg_2419 htrA YP_001033660.1 4797497 3.00E-74
ftsA llmg_2061 ftsA YP_001033316.1 4797264 3.00E-74
ftsZ llmg_2060 ftsZ YP_001033315.1 4798073 5.00E-106
phoP llmg_0414 llrC YP_001031764.1 4797664 2.00E-67
phoR llmg_0413 kinC YP_001031763.1 4798420 2.00E-51
tagB llmg_1603 tagB YP_001032887.1 4798977 1.00E-32
tagD llmg_1606 tagD2 YP_001032890.1 4798976 3.00E-33
tagF llmg_1604 tagF YP_001032888.1 4798736 2.00E-73
yjeA llmg_0293 xynD YP_001031648.1 4797603 3.00E-43
B. subtilis L. lactis
MG1363 IL1403 SK11 KF147
walR llrC llrC LACR_0444 tcsR
walK kinC kinC LACR_0443 tcsK
yycJ vicX yeaA LACR_0441 yeaA
yycK htrA htrA LACR_2439 htrA
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Figure 3  - Annotation of the intergenic region upstream of acmA.  
The genes acmA and the first upstream gene, llmg_0281, are indicated with gray arrows and are not 
drawn to scale. The WebLogo is based on the MEME weight matrix; light grey box is the predicted 
RBS. No transcription terminator was found in this area.    
Nam e p -va lu e Sites
m etK 9.2E-0 8 AATTTTCAGAAAAAT
feoA 9.2E-0 8 ATTTTTCAGAAAATT
optA 1.2E-0 7 AATTTTCTGAAAATT
s erC 1.7E-0 7 AATTATCAGAAAATT
ygjD 2.6E-0 7 AATTTTCTGAAAAAT
ybjA 2.6E-0 7 AATTTTCTGAAAAAT
gltA 2.9E-0 7 AATTTTCAGAAAATA
truA 3.1E-0 7 ATTTTTCAGACAATT
optS 4.1E-0 7 AATTATCAGAAAAAT
c odY 4.1E-0 7 AATTTTCTGACAATT
thrA 5.0E-0 7 AATTATCTGAAAATT
yr bI 5.9E-0 7 ATTTTTCAGAAAATA
ypiE 9.9E-0 7 ATATTTCAGAAAATT
pi304 9.9E-0 7 AATTATCTGAAAAAT
yc eD 1.1E-0 6 ATTTTTCAGAAAAAA
m urA2 1.8E-0 6 ATATTTCAGAAAAAT
yv dD 2.1E-0 6 AATTTTCAGTAAATA
udk 2.1E-0 6 AATTTTCAGTAAATA
pi303 2.3E-0 6 ATTTTTCAGATAATT
ys iA 4.0E-0 6 CATTTTCAGTAAATT
ys hA 4.0E-0 6 AATTTTCAGACTAAT
amyL 4.5E-0 6 AAATTTCAGAATATT
 
Figure 4  - CodY regulon prediction by PePPER all-in-one 
The inserted table shows the CodY-TFBS[MG1363] found in L. lactis IL1403 (p-value < 10
-5); the drawings 
show the intergenic regions upstream of CodY regulon members. At the bottom of this figure the 
WebLogo is shown of the TFBS derived from the MEME search. Predicted promoters with a correct 
spacing between -35 and -10 are colored dark green. Green arrows indicate predicted TSSs, light 




 Streptococci are phylogenetically closely related to Lactococci and therefore we per-
formed an analysis of the WalRK regulons in both groups using the PePPER toolbox. The 
result (Fig. 2) shows the similarity of the known WalRK regulons (B. subtilis, S. pneumoniae, 
Staphylococcus aureus) with the predicted regulons of Lactococci and Streptococci. The B. 
subtilis regulon (Fig. 2A) showed the high conservation between the two groups where 6 
genes were not found and 9 genes out of 23 were found in all species (protein blast e-
value cutoff of 10-20). The difference between the two groups is shown in Fig. 2B where 11 
out of 24 of the S. pneumoniae R6 WalRK regulon were not found in lactococci.  
 
TFBS prediction 
The WalR binding site (TGTAA-n6-TGTAA) was mapped using DNAseI footprinting 
and EMSAs in 4 organisms; B. subtilis, Staph. aureus, S. pneumoniae and S. mutans [28]. 
We added the WalR TFBSs derived from these 4 organisms separately, as well as an aver-
aged (combined) WalR motif (WalR[combined]) to the PePPER database and subsequently 
screened the genomes of the L. lactis strains for the presence of these DNA motifs. The 
upstream DNA regions of two genes of L. lactis MG1363 that are orthologous to WalRK 
regulon members carry the WalR[combined] TFBS, namely xynD (TGTAT-n6-TGTTA) and htrA 
(TGAAA-n6-TGAAG). In the upstream DNA region of the other 4 WalRK operon orthologs 
no WalR[combined] was found. Interestingly, WalR[combined] (Fig. 3) was present upstream of the 
cell wall hydrolase genes acmA and acmB [32, 33], which could indicate that these genes 
might be regulated by WalRK and that the WalRK stress response system of L. lactis also 
influences their expression.  
 
PePPER all-in-one case study 
The well-studied global transcriptional regulator CodY of L. lactis MG1363 [34, 35] 
binds to the CodY-box (AATTTTCWGAAAATT) and influences the expression of genes in-
volved in (branched-chain) amino acid uptake and biosynthesis as well as several other 
genes involved in N-metabolism (proteolysis and peptide uptake). The CodY regulon of L. 
lactis MG1363 was used in the PePPER all-in-one system to mine the L. lactis IL1403 ge-
nome for the presence of homologs of the CodY[MG1363] regulon and the CodY-TFBS[MG1363]. 
Subsequently, a de novo motif search was performed. The results showed that a CodY-
TFBS is present in the upstream intergenic regions of 5 genes/operons in L. lactis IL1403, 
namely codY, serCAB, gltA-citB-icd, dppA and dppPBCDF. In L. lactis IL1403, Dpp, errone-
ously annotated as opt [36], functions as a di/tripeptide transporter, with DppA as the sub-
strate binding protein, and as an oligopeptide transporter employing DppP. The dppP gene 
in the dppA-dppPBCDF gene cluster of L. lactis MG1363 is mutated; in this strain CodY 
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binds upstream of dppA but not upstream of dppP. Oligopeptide uptake in L. lactis MG1363 
is encoded by the oppDFBCA operon, which is under CodY control [35]. The Opp system in 
L. lactis IL1403 is present but non-functional [36] and no CodY-TFBS[MG1363] was found in the 
DNA region upstream of opp. Despite the differences in the activities of these transport sys-
tems, our analysis indicates that in both lactococcal strains CodY regulates di/tri- and oligo-
peptide transport. The graphical overview of intergenic regions (Fig. 4) shows that CodY 
represses gene expression by binding in or closely downstream of the promoter regions. 
The DNA binding motif that was identified in L. lactis IL1403 resembles CodY-TFBS[MG1363] 
[35] and the CodY-TFBS[IL1403] reported by Guedon et al.[34].  
We used the CodY[MG1363] regulon to screen for the presence of a similar regulon 
in a less closely related Gram-positive bacterium, the pathogen S. pneumoniae D39. The 
analysis revealed that seven genes/operons (ilvD, ilvE, asd, hom-thrB, amiACDEF, SPD_1878
-thrC, livJHMGF) involved in amino acid transport or biosynthesis carry a sequence closely 
related to CodY-TFBS[MG1363] in their upstream DNA regions.  
 
Conclusions 
PePPER uses a novel approach to analyze regulons and offers a user-friendly web 
interface. This combination makes the data provided by PePPER not only easily accessible 
for non-bioinformaticians, but also very useful for analysis of regulons and their cognate 
TFBSs. PePPER offers, next to all fully sequenced bacterial genomes, the possibility to up-
load un-annotated data, which is then processed automatically. Furthermore, prediction of 
intergenic region elements such as promoters, transcription terminators, sigma factor bind-
ing sites, RBSs, as well as that of possible secondary DNA structures therein, will lead to 
more detailed knowledge of the DNA regions under study. By adding our knowledge on L. 
lactis regulons as well as DBTBS and RegulonDB regulon data to the PePPER database, we 
provide an extended database of bacterial regulons and TFBSs. PePPER can be used to pin-
point a wide range of putative regulons and their cognate TFBSs in any bacterial genome on 
the basis of existing knowledge. This regulon information can subsequently be used by biol-
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In the present study we examine the changes in the expression of genes 
of Lactococcus lactis subspecies cremoris MG1363 during growth in milk. To reveal 
which specific classes of genes (pathways, operons, regulons, COGs) are important, we 
performed a transcriptome time series experiment. Global analysis of gene expression 
over time showed that L. lactis adapted quickly to the environmental changes. Using up-
stream sequences of genes with correlated gene expression profiles, we uncovered a sub-
stantial number of putative DNA binding motifs that may be relevant for L. lac-
tis fermentative growth in milk. All available novel and literature-derived data were inte-
grated into network reconstruction building blocks, which were used to reconstruct and 
visualize the L. lactis gene regulatory network. This network enables easy mining in the 
chrono-transcriptomics data. A freely available website at http://milkts.molgenrug.nl gives 
full access to all transcriptome data, to the reconstructed network and to the individual 
network building blocks. 
 
Introduction 
Dairy lactic acid bacteria [LAB] such as Lactococcus lactis thrive in milk, a nutrition-
ally rich medium that can efficiently support their sugar-based fermentative lifestyle. Milk 
must have been adopted by LAB in the last approximately ten thousand years, because 
milk storage is exclusively a human cultural phenomenon. LAB are very important in the 
food industry for their ability to produce healthy, safe and tasteful foods with extended 
shelflifes. Thus, LAB are studied intensively to obtain fundamental as well as application-
oriented knowledge. With respect to the former, recent years have seen the elucidation of 
the genomic sequences of several dairy and non-dairy LAB. Among the best studied of the-
se is L. lactis strain  MG1363 [1]. The genome sequences have been used for extensive 
(phylogenetic) comparisons. Importantly, they have allowed examining genome-wide anal-
yses by DNA microarray technology of a number of LAB species [2, 3]. These studies and 
earlier work has led to the detailed description of many metabolic and regulatory networks 
in L. lactis, such as purine and pyrimidine biosynthesis [4, 5], amino acid biosynthesis [6], 
peptide uptake and degradation [7], transcriptional regulators[8, 9] and global transcrip-
tional regulators such as CcpA [10] and CodY [11, 12]. Many of the studies presented so far 
entail single time point analysis of e.g., a genetic mutation (mutant-parent analysis). It is 
quite a challenge to examine the behavior of a bacterium’s transcriptome in time during 
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growth in a complex medium. Here, we performed chrono-transcriptomics of L. lactis fer-
mentation of milk. 
Vitamins and sugar (lactose) are readily available to L. lactis in milk but it has to actively lib-
erate amino acids from milk proteins (caseins) by proteolysis. It is generally believed that 
the multiple auxotrophies in LAB have accumulated as a consequence of the abundance of 
growth supplements in milk [2]. This has made bacteria dependent on the correct 
(temporal) release/use of all essential growth factors for optimal growth.  
When L. lactis is growing in milk it will have to meet several challenges to survive in 
an ever-changing environment; changing concentrations of amino acids, peptides, sugars, 
(an)organic compounds, decrease of pH and increasing cell density and ultimately, nutrient 
limitation. Many of these changes should be visible as a response in the gene transcription-
al network a large part of which will be controlled by transcriptional regulators [13, 14]. 
Analysis of these responses by DNA microarrays will provide insights on when and how 
transcriptional regulation is managed in the cell. Monitoring mRNA levels and production 
profiles offers a key to how gene expression is regulated in response to the changing envi-
ronment. Transcription regulators affect gene expression by binding to specific upstream 
DNA regions. Computer algorithms [MEME [15], SCOPE [16]] can be used to mine for con-
served DNA regions (DNA binding motifs) in the promoter regions of co-regulated genes. 
When a DNA binding motif is located in separate promoter regions, in addition to those of 
co-regulated genes, this indicates that these additional genes may be under the control of 
the same regulator. 
To supply data for a gene regulatory network of L. lactis in its natural and also in 
the food industrial environment, we cultured two biological replicates of the L. lac-
tis MG1363 in milk and performed temporal transcriptome analysis using DNA microar-
rays.  
 
MATERIALS AND METHODS 
  
Growth conditions 
Milk medium was prepared by heat-treating 10% reconstituted skimmed milk at 90 
ºC for 30 min. The milk was inoculated with a 1/20 volume of an exponentially growing cul-
ture of Lactococcus lactis MG1363 carrying pLP712, a plasmid containing the genes to de-
grade lactose (Lac+) and proteins (Prt+)[17], in milk shortly after the temperature had 
reached 30 oC. The inocculum of L. lactis MG1363 had been growing exponentially in milk 
for approximately 5 generations and had reached a pH of 5.5. The skimmed milk powder 





Determination of colony forming units and pH 
Medium pH was monitored by taking samples at appropriate time points and 
measuring pH with an electrode. Colony forming units were determined by appropriately 
diluting samples in M17 and plating on M17 (Difco, USA) agar plates containing 0.5% w/v 
glucose. Colonies were counted after overnight incubation at 30 ºC. 
  
Total RNA extraction from milk cultures and DNA microarray methodology 
Cellular processes were quickly quenched by rapid cooling of 10 ml samples in large 
glass flasks (with large heat capacity) pre-chilled in an ice-ethanol bath. Following centrifu-
gation at 6000g for 10 min at 4 oC, the pellet was resuspended in 1 ml ice-cold 3M guani-
dinium chloride. Following solubilisation of the milk coagulate by five cycles of vortex mix-
ing and chilling on ice, each for one minute, cells were collected from the cleared solution 
by centrifugation at 4 oC at 3500 g for 15 min. After two washed in ice cold 0.9% saline so-
lution the cell samples were frozen at -80oC or used directly for RNA extraction. 
RNA was extracted by the hot phenol method as described before [5]. Subsequent-
ly, cDNA was obtained and labeled with Cy3 and Cy5 dyes and slide hybridization was per-
formed at 45°C as described previously [18] on in-house spotted L. lactis MG1363 DNA mi-
croarrays (for details see platform GPL5048 in the GEO database [19]). 
 
DNA microarray data normalization 
Intensity levels of the signals on the slides in the different data sets were scaled to 
equal total intensities and normalized with lowess grid-based normalization using Micro-
prep [20]. This scaling is equivalent to assuming that the total mRNA concentration in the 
cell is constant throughout the experiment; although this assumption is not true for abso-
lute levels it is valid for the relative expression profiles of genes. The raw data and the nor-
malized data are deposited in Base2 [21]. Global analyses were performed on these scaled 
normalized intensity level data. The sets of intensity values were normalized and com-
bined into (I) intensity ratios, corresponding to ratios between mRNA levels from two time 
points; and (II) intensity levels, corresponding to absolute mRNA levels for each time point. 
  
DNA microarray data analysis 
Genome2D (see this thesis Chapter 3)[22] was used to visualize expression profiles 
and to calculate the hypergeometrical distribution of classes. TM4 [23] was used for Princi-
ple Component Analysis (PCA). The method of Ahdesmaki et al. [24] was used to filter out 
genes with very low expression levels in order to circumvent false correlation of back-
126 
Chapter 7 
ground signals in GeneNet. To find links between operons with (partial) co-expression, 
GeneNet [25] was used to calculate gene interactions. To calculate the Pearson’s correla-
tion between gene expression profiles an in-house routine in R [26] was developed 
(available on request). The sliding window routine is a modified R routine based on GeneCy-
cle [27] (available on request). DISCLOSE [28] was used to mine for conserved DNA motifs. 
Cytoscape [29] was used to reconstruct and visualize the gene network.  
  
Genome annotation data 
The genome annotation data of L. lactis MG1363, AM406671_GR, was retrieved 
from the Genome Reviews database of EMBL-EBI (http://www.ebi.ac.uk/GenomeReviews/). 
This Genome Review file was used as a source for the COG classification. In total 102 path-
ways were extracted from the metabolic data base of KEGG (http://www.genome.jp/kegg/) 
using the organism-specific entry ‘llm’ of MG1363.  
  
Operon prediction 
Little or no information is available on operons in bacterial genomes. Several tools 
for the in silico examination of operons are available but none gives a reliable operon pre-
diction [30]. Here we used TransTermHP [31] to predict transcriptional terminators. Subse-
quently, Genome2D ([22] was used to generate putative operons based on the results of 
TransTermHP (see Supplementary Materials). 
  
DNA motif mining 
Natural log-transformed gene expression ratio data from this milk fermentation 
time series was used as a data source to mine for (novel) transcription factor binding sites 
(TFBS) in the genome of L. lactis MG1363. COG classification and GO annotation of the 
genes of L. lactis MG1363 were derived from NCBI and EBI, respectively. An in-house man-
ually created regulon database was used as a source of literature-based regulon classes 
[10]. These data sources were loaded in DISCLOSE [28] followed by k-means clustering using 
Pearson, Spearman and Euclidean distance settings on 10 to 60 clusters. All clustering 
settings were tested for overrepresentation of classes (pathway, GO, COG and regulon) 
within one cluster. The sum of overrepresented classes in each cluster represents the total 
score of a clustering setting. 
We combined DNA-motif mining with various gene classifications (operon, GO 
(http://www.geneontology.org/) and metabolic pathways (http://www.genome.jp/kegg/)) 
and subsequently validated the obtained DNA-motifs with literature data. A DNA-motif was 




were available in the primary literature describing the motif. For validation on the basis of 
classes, a weight matrix was made using the DNA-motifs obtained by DISCLOSE, followed by 
a genome-wide screen using this weight matrix. A hypergeometrical test was performed on 
the obtained sequences to screen for DNA motif-enriched classes. If an enriched class was 
found, the DNA-motif was marked as valid. 
 
Software and webserver 
For calculation of gene-to-gene correlation over time we used GeneNet version 
1.2.4 (http://strimmerlab.org/software/genenet/), which is an R package (http://www.r-
project.org/) for obtaining high-dimensional dependency networks from genomic data [25]. 
Cytoscape 2.7.0 [29] was used for building and visualizing of the gene regulatory network 
(http://www.cytoscape.org/). Genome2D [22] was used for motif visualization and mining 
in genomic data. The interactive website which contains the resource data described in this 
article (http://milkts.molgenrug.nl) was built in Joomla using PHP for session management 
and R for graphical presentation of the data.  
 
Reconstruction of the Gene Regulatory Network  
An interactive Gene Regulatory Network (GRN) was built using all data of the anal-
yses described in this paper combined with literature data. To this end, distinct data sets 
were made that describe relation/correlation between genes, transcription profiles, oper-
ons, regulons, TFBSs and metabolic compounds. The first relation between genes is the cor-
relation (Pearson’s correlation) of their expression profiles over the complete time-series. 
The second relation is based on the results of the time sliding analysis, which describes 
when the expression of a gene changes significantly during growth. For the 
third correlation, a p-value describing the putative interactions between genes was calcu-
lated using the network reconstruction algorithm GeneNet [25]. The fourth relation be-
tween genes is based on the fact that genes belonging to one operon are transcribed from 
one mRNA and, therefore, will show the same or very similar expression profiles. This rela-
tion was established by our operon prediction method, which does not completely match 
the real situation because operon prediction algorithms do not predict mRNA stability or 
dynamic changes in mRNA levels [32]. The fifth relation is based on shared DNA motifs in 
upstream regions of genes or operons, indicating that they may be controlled by the same 
transcriptional regulator. This correlation is based on literature-derived DNA motifs supple-
mented with novel motifs discovered by DISCLOSE [28] using the time-series data and func-
tional annotation of genes. The sixth relation is based on regulon data derived from litera-
ture and on our in-house regulon data sets. The seventh relation is between genes and 
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compounds; it is based on the metabolic reaction database specific for L. lactis MG1363 
[33] that couples production and consumption of compounds to gene products. The results 
of all seven correlation analyses were stored in a Cytoscape [29] compatible format and in-
clude their weight factors, if applicable. Cytoscape “Merge Networks” and the Cytoscape 
“plug-in” CABIN [34] were used to combine the seven data sources to create a gene regula-
tory network. 
 
RESULTS AND DISCUSSION  
  
Standardization of milk fermentation conditions 
Milk is a very complex medium that changes continuously during fermentation by L. 
lactis as the milk protein (casein) is being degraded by the bacterial proteases and the re-
sulting peptides and amino acids, as well as vitamins, are used. At the same time, lactose is 
being consumed and lactate and other fermentation products are being produced, chang-
ing the pH of the medium. In dairy fermentations, an outgrown frozen for freeze-dried milk 
culture is typically used to inoculate fresh milk. Because such cultures are acidic and the 
bacteria have undergone an acid stress response, their physiological status is highly unpre-
dictable. To ensure the highest degree of reproducibility in this study, the milk medium was 
inoculated with an exponentially growing culture of L. lactis in milk. Even with these precau-
tions it should be noted that milk will never support balanced growth of any bacterium. Bal-
anced growth is the only state with a defined physiological status of the bacterium, so not 
even theoretically can full reproducibility be attained with a milk medium. 
The growth rates (as measured by the number of colony forming units in time) and 
lactate production (as measured by medium pH) are in close accordance for the two paral-
lel cultures, A and B (Fig 1A; data only shown for culture A). Both growth curves are charac-
terized by at least two distinct phases, an exponential phase between 100 and 400 min 
after inoculation and a stationary phase after 400 min, which coincides with a drop in pH 
below 5.0. Entry into early stationary phase can be recognized after 250 min by a slight de-
crease in the growth rate at the point where oligopeptides present in the sterilized milk be-
come limiting [35]. At the time points indicated with arrows in Fig. 1A, samples were with-
drawn from each culture and used for transcriptome analysis.  
  
Genome-wide transcription analysis 
At the end of the fermentation, the milk medium had fully coagulated but our novel 
extraction technique, using 3M guanidinium hydrochloride (the procedure will be published 




From each of the two milk fermentations, RNA samples were obtained over the full fermen-
tation period, from 100 min to 1100 min after inoculation. In this way, a total of 12 samples 
were taken from each culture (T1-T12). The RNA was analyzed by DNA microarray analysis 
according to the scheme shown in Fig. 1B. Intensive data analysis was done on the results 
derived from the fermentation culture A while the second data set (derived from culture B) 
was used to verify and/or confirm observations in the data set of culture A. 
  
A global view of the transcriptome of L. lactis MG1363 during milk fermenta-
tion reveals temporal gene expression responses 
The analysis of the transcriptome data from culture A followed a two-step proce-
dure. First, the data was divided into distinct response periods using algorithms for the 
mining for global trends. Second, each of these response periods was then characterized by 
Figure 1. L. lactis MG1363 chrono-transcriptomics set up 
A) Growth of and acidification by L. lactis MG1363 in milk. Cell concentration in colony forming units (CFU) 
per ml and medium pH are shown on the left and right axis, respectively. Vertical lines indicate the time 
points of sampling (T1 to T12). The major five phases of gene transcription, based on PCA in Fig. 2 are marked 
in white and grey boxes numbered from 1 to 5. B) Fluorenscently labeled cDNA samples (T1-T12) were mixed 
according to scheme shown; e.g., Cy-5 labeled (filled circle) sample T1 was combined with Cy-3 labeled (open 
circle) sample T2.  
130 
Chapter 7 
identifying the Clusters of Orthologous Groups (COG) [36] that responded most significant-
ly. 
A principal component analysis (PCA) of the intensity levels showed a division of the 
time points into three distinct response periods (Fig 2B). Time points T1-T6 cluster together 
as do time points T8–T12 while time point T7 assumes an intermediate position. The first 
cluster could be argued to consist of a time point T1-T4 sub-cluster and a time point T5-T6 
sub-cluster. A homogenous trajectory was manually drawn from sub-cluster T1-T4 through 
sub- cluster T5-T6 and time point T7 to cluster T8-T12, suggesting that the changes in gene 
expression are gradual. 
A somewhat similar grouping of the data set was obtained when a Pearson’s corre-
lation was calculated between all time points (Fig. 2). Highest correlation of gene expres-
sion exists between time points T1 to T7 and between time points T8 to T12, whereas no 
correlation was observed between these two major clusters. Within the T1-T7 cluster, the 
correlation was strongest between T1, T2, T3 and T4 and somewhat less between T5 and 
T6. 
Together, the PCA and Pearson’s correlation analysis suggest a division of L. lactis gene ex-
pression during milk fermentation into five distinct temporal response groups. The charac-
teristics of each response period are shown in Table 1. 
Table 1. Response periods identified for L. lactis during fermentation of milk.  
Temporal response Time point Time after Cell density pH range
group  innocculation 103ml-1
(min)
Early exponential T1, T2, T3, T4 100 – 250 1 – 6 6.7 – 6.1
Late exponential T5, T6 300 - 350 8 – 11 5.9 – 5.2
Early stationary T7 400 12 5.1
Middle stationary T8, T9, T10 500 - 800 10 4.6 - 4.5
Late stationary T11, T12 900 - 1100 10 4.5 – 4.3
Temporal response Number of Number of Responding 
group upregulated downregulated COG#
genes genes
Early exponential 40 - 50 20 - 40 C, E, F, L, O, P, T
Late exponential 50 - 70 30 - 60 C, D, E, F, O 
Early stationary 130 180 C, J, O, S, T
Middle stationary 50 - 140 20 - 220 C, O, P, S, T
Late stationary 0 - 30 0 - 50





The fact that the fermentation process can be divided into response periods with 
respect to gene expression levels implies that the cells encountered different stressful con-
ditions at four critical points in time, namely at T4, T7, T9, and T10. The nature of the stress 
conditions is so far unknown, although the increasing acidity and the accumulation of in-
creasingly more lactate in the medium must be important in this respect. The response of 
the different gene clusters suggests certain changes in metabolite concentrations and intra-
cellular environment.  
To proceed from the analysis of overall global trends in gene expression towards 
trends in expression of individual genes, the number of genes with significantly high intensi-
ty ratios throughout the fermentation was quantified i.e., the genes of which the expression 
level changed significantly between two consecutive time points (Table 1). A minor re-
sponse period was seen from time point T4 to T6, within the exponential growth phase. In 
this period, the expression levels of approximately 40 to 80 genes significantly changed be-
tween consecutive time points (data not shown). At the very end of the exponential growth 
phase (T6 and T7), when the culture reaches a pH of 5.0, a high number of genes (more 
than 200) showed a significant change in expression. The analysis shows that a marked re-
sponse takes place when the culture enters the stationary phase, at T7. The expression lev-
Figure 2. Correlation between time points 
 
A) Pearson’s correlation. Sets of intensity levels from each time point (average of the two biological repli-
cates) were analysed as separate curves with shapes determined by the intensity levels of the genes as a func-
tion of the gene number. Pearson’s correlation was calculated for pairs of these genome-wide intensity curves 
and are shown in the T1-T12 X T1-T12 matrix. Grey scale: decreasing intensity corresponds to decreasing cor-
relation; white: no correlation.   
B) PCA. Projection of the 12 time points using 3 principle components shows 5 distinct clusters; 1: T1-T4, 2: T5




els of approximately 230 genes changed significantly in the period from T7 to T8. In the 
next period (T8-T10), characterized by a 1.7-fold reduction in the number of colony-forming 
units, the expression levels of approximately 40 to 50 genes changed significantly between 
consecutive time points. Finally, from time point T10 up to time point T12, the expression 




Responses of functional gene classes 
A hypergeometrical test was performed to calculate the p-values for the change of 
expression of the genes in all COG classes. Fig. 3 shows when the major COG classes 
changed significantly during the fermentation. It is clear that the early exponential phase, 
from T1 to T4, is not a balanced state because if it were, no orthologous classes would have 
shown up. It is not even a stable period, as can be seen from the response within the COG 
of “Nucleotide Transport and Metabolism” time points T1-T4. This group of genes actually 
shows differential responses at all time points, except during exponential growth (T2-T3) 
but after T7 this COG class is pacified. Interestingly, genes involved in “Inorganic ion 
Transport and Metabolism” respond from time point T2 to T5, and again in the mid-
stationary phase (T9-T10). Entry into the late exponential phase (T3-T4), is specified first by 
a response of genes of the COG “Replication, Recombination and Repair”, and later by a re-
sponse of genes involved in “Signal Transduction” (T4). Throughout the late exponential 































Posttranslational modification, protein turnover, chaperones O 5 7 9 9 5 10 4 0 4 8 0
Energy production and conversion C ` 0 0 5 3 0 7 4 11 0 0
Nucleotide transport and metabolism F 15 0 6 19 7 8 0 0 0 0 0
Inorganic ion transport and metabolism P 0 9 3 4 0 0 0 0 8 0 0
Replication, recombination and repair L 0 0 4 0 0 0 0 0 0 0 0
Amino acid transport and metabolism E 0 0 0 4 6 0 0 0 0 0 0
Signal transduction mechanisms T 0 0 0 4 0 5 6 0 0 0 0
Cell cycle control, cell division, chromosome partitioning D 0 0 0 0 0 3 0 0 0 0 0
Lipid transport and metabolism I 0 0 0 0 0 3 0 0 0 0 0
Translation, ribosomal structure and biogenesis J 0 0 0 0 0 0 7 0 0 0 0
Function unknown S 0 0 0 0 0 0 4 6 4 0 0
General function prediction only R 0 0 0 0 0 0 0 0 0 0 0
Intracellular trafficking, secretion, and vesicular transport U 0 0 0 0 0 0 0 0 0 0 0
Figure 3. Overrepresentation of COG classes 
For all time points indicated on the horizontal axis a hypergeometrical test was performed to find the 
overrepresented classes; the black squares indicate a significant change. Only COG classes that are signifi-




olism”, suggesting that the general availability of amino acids gradually changes in this 
growth phase. This COG responds concomitantly with genes involved in “Energy Production 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Upon entry into the early stationary phase, from T6 to T7, a second response of the COG 
class “Signal Transduction” is observed. A new group of genes involved in “Translation, Ri-
bosomal Structure and Biogenesis” responds for at the transition point from exponential to 
stationary growth (T7-T8). Throughout the early stationary phase (T7 to T9), the group of 
“Unknown” genes responds. A significant response from genes involved in 
“Posttranslational Modification, Protein Turnover and Chaperones” is detected between all 
consecutive time points, except for time point T8-T9. This may suggest a change in protein 
turnover as many of these genes are regulated by the heat shock response [37]. 
A customized functional group of genes, namely the 128 putative and known tran-
scriptional regulators in the genome of L. lactis MG1363 was analyzed with respect to possi-
ble gene-to-gene expression correlations. In Fig. 4, rows and columns are shown with de-
scending probabilities, emphasizing the high correlation that exists between the members 
of the first cluster, consisting of 15 regulator genes (Fig. 4, box A), and between the 6 genes 
of an unrelated second cluster (Fig. 4, box B). Whereas box A genes show a constant expres-
sion level before T7 followed by an induction phase (Fig. 4, inset A), the second group of 
genes shows a more complex behavior. Both expression patterns reveal the presence of a 
critical point around T7, while for box B genes a second imported moment in time is after 
T9. 
The analyses presented above show that at defined stages during growth, cells have 
gene expression transition points, which are probably caused by adaptation of the cells to a 
changing environment (pH, carbon source, nutrients). More in-depth data mining was 
done on metabolic pathways that change significantly at the transition points. First, the set 
of genes that changed more than 1.8 fold with Cyber-T p-values < 10-3 was used to calcu-
late, for each two consecutive time points, which KEGG pathways were significantly 
changed on the basis of a hypergeometrical test (Supplementary Table 1). Analysis of pu-
rine and pyrimidine metabolism was done in more detail because it plays a central role in 
cell growth. Second, sugar and amino acid limitation effects were studied by analysis of sug-
ar transport and arginine metabolism. To reveal whether the cells undergo stress at these 
gene expression transition points, an analysis of the stress response genes was also per-
formed.  
 
Expression profiles of genes involved in nucleotide metabolism define chang-
es in PRPP and nucleotide availability 
Purine and pyrimidine nucleotides, the building blocks for DNA and RNA synthesis, 
are formed de novo from 5-phosphoribosyl-1-pyrophosphate (PRPP) and amino acids in L. 




Figure 5. Transcription profiles of purine and pyrimidine metabolism genes 
A) PurR regulon members; purB, purC, purD, purE, purF, purH, purK, purL purM, purN, purQ and purR (red 
line). B) Transcription profile of; purA, guaA, guaB, xpt and pbuX. C) PyrR regulon members; carA, pyrB, pyrC, 
pyrDb, pyrE, pyrK, pyrP and pyrR (red line). 
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be synthesized from PRPP and either nucleosides or nucleobases. Most of the purine de no-
vo genes are regulated by the PurR activator, which responds in a feed-forward manner to 
the concentration of PRPP. The expression patterns of the known PurR regulon members in 
the nucleotide orthologous group clearly show that at least two critical time points exist 
before T7 (Fig. 5A). From T5 to T9, the expression of the PurR regulon members drops, indi-
cating that the amount of PRPP had decreased from high at T5 to low at T9. In contrast, the 
sharp rise in PurR regulon gene expression from T4 to T5 indicates that PRPP accumulated 
from an intermediary level at T4 to a high level at T5. A short period of decreasing PurR reg-
ulon mRNA from T2 to T3 is observed for almost all PurR regulon members. The PurR regu-
lon is a good example of the lack in coordination between the expression of regulator and 
target genes, as the temporal expression curve of the purR gene (red line in Fig. 5A) is al-
most flat. The purR gene is known to be under PRPP-independent repression control by 
binding of PurR to its promoter region. In contrast, the PurR regulon members are under 
PRPP-regulated PurR-mediated activator control [5]. Purine genes are divided into at least 
three clusters in L. lactis, according to regulatory mechanisms. A small regulon comprised 
of guaA and guaB responds to changes in the G-nucleotide concentration by an unknown 
mechanism (Mogens Kilstrup, unpublished). The guaAB genes show only minor changes in 
their temporal expression patterns (Fig. 5B). In other words, the intracellular G-nucleotide 
concentration did not severely change during the fermentation. The xpt-pbuX operon is 
subject to riboswitch control, with the purine bases guanine or hypoxanthine as low molec-
ular weight effectors [5, 38]. The temporal expression of these genes followed that of the 
PurR regulon members, suggesting that an inverse correlation exists between the levels of 
PRPP and free purine bases during fermentation. 
It appears that the highest expression of the PurR regulon genes during milk fer-
mentation coincides with a decrease in the growth rate. Previously, it was observed that 
growth in a synthetic amino-acid-supplemented SA medium resulted in a partial purine de-
ficiency [39]. Purine addition increased the growth rate and lowered the expression of PurR 
regulon members. It appears that the purine deficiency, as indicated by the increased ex-
pression observerd for purR genes, is due to an inability of the de novo pathway to meet 
the high consumption rate during the stressful transition into the stationary phase. Since 
the PurR regulon genes are induced under these conditions, the precursor PRPP pool was 
elevated compared to the normal level. Upon the subsequent lowering of the growth rate 
in the stationary phase, the consumption rate lowered and matched the production rate. 
This resulted in renormalization of the PRPP pool and down regulation of PurR regulon 
members. Analysis of the upstream DNA regions of the PurR regulon genes and genes with 




Fig. 5C shows the temporal expression patterns of the genes of the regulon of PyrR, 
an RNA binding protein responding to high uridine 5-monophaspate (UMP) concentrations. 
The PyrR regulon has one critical time point at around T3. From T1 to T3, expression of all 
regulon members continually increases. A subsequent decrease in expression levels until T9 
is indicative of an increase in the UMP concentration. PyrR is a genuine member of the PyrR 
regulon and is transcribed from the PyrR-regulated pyrRPB-carA operon. Accordingly, 
pyrR mRNA levels follow the same trend as those of the other PyrR regulon members. 
 
The heat stress response genes behave as an explicit group  
      The temporal expression profiles of the major stress response genes groEL2, groES, 
hrcA, dnaJ and dnaK show a high correlation during growth in milk. This similar expres-
sion behavior allowed to pinpoint the common CIRCE DNA motif using the discovery algo-
rithm described in this article. When L. lactis MG1363 was inocculated, the stress genes 
showed relatively low levels of expression up to T6 (T5 for hrcA). The expression of all genes 
increased when the cells entered the transition state of growth (T6 to T7). Subsequently, 
the expression increased even more in the early stationary growth phase (T8 to T9). There 
appears to be no correlation between the expression profiles of the heat stress genes and 
global gene expression during the transition from the early to the late stationary phase of 
growth. In other words, although some processes are affected by stress gene responses, 
the majority of processes are not correlated to the expression of stress response genes dur-
ing stationary phase. 
  
DNA-motifs discovered on basis of gene expression profiles 
Transcriptional regulators play central roles in the expression of genes by binding to 
specific binding sites (TFBSs) in upstream intergenic regions. To uncover DNA-motifs that 
are potential TFBSs, we searched for overrepresented DNA sequences in the upstream in-
tergenic region of genes that showed correlated expression.  
A total of 58 clusters of genes identified by k-means clustering (using Euclidian dis-
tance) were examined using the DISCLOSE software package [28]. Many of the identified 
DNA-motifs that consisted of four to five bases were discarded because of their abundance. 
Non-palindromic elements were only selected if their general occurrence in intergenic re-
gions of the L. lactis MG1363 genome was less than 5%. This manual curation pinpointed 25 
new DNA-motifs as being potential motifs of regulatory significance. For each motif a 
weight matrix was built and used to screen all the intergenic regions in the L. lactis MG1363 
genome for further occurrences. 
138 
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The upstream regions of the genes in some clusters contained more than one po-
tential DNA-motif whereas others contained no obvious DNA-motif. DISCLOSE identified 
two motifs in cluster 25, containing 11 genes. One DNA motif, GACAAAWWTWTTTGAC 
(motif name = llmg_m001), is located upstream of llmg_2249, nifJ, and cadA, which encode 
proteins with significant similarity to an iron-dependent oxidoreductase, a pyruvate-
flavodoxin oxidoreductase, and an ion efflux ATPase, respectively. Expression of these three 
genes is known to be reduced in the absence of cysteine [40]. Allowing for one mismatch, 
similar motifs are also present upstream of the genes llmg_1857 and llmg_2516/ 
llmg_2517, that are not known to be involved in the regulon mentioned above. The second 
motif (TCAGTWWACTG; llmg_m002) in cluster 25 is located upstream 
of pyrR and pyrB and is also present upstream of arcD1 and acmC. Cluster 47 also con-
tained two motifs (llmg_m003 and llmg_m004), of which the latter (WWWCCGAACWWW) 
occurs 9 times and resembles the known PurBox (AWWWCCGAACWWT) [41]. It is present 
upstream of the purine biosynthesis genes glyA, fhs, purC, purM, purD, purH and purR. The 
other is the DNA-motif (llmg_m003) that is highly specific for purine biosynthesis; it was 
found upstream of only three other genes, yajC, llmg_1234 and llmg_1550 previously un-
linked to purine biosynthesis. Strikingly, a tiled motif is present upstream of genes coding 
for other proteins involved in purine biosynthesis, namely purL, pbuO, purM, purC. This mo-
tif (TTCNNNNNNNNCGAAC; llmg_m003), was present upstream of seven genes unrelated to 
purine biosynthesis. 
The motif (AGCACTCWWWTWWWWAGAGTGCTAAWW; llmg_m005) is present up-
stream of groES, and dnaK, two member of cluster 2. This motif resembles the so-called 
CIRCE box; (TTAGCACT-10N-GAGTGCTAA; [42]). This box is also present upstream of groEL2, 
hrcA and dnaJ. A survey of the intergenic regions with motif llmg_m005 also identified it 
upstream of two other stress response genes, hrcA and dnaJ. A weight matrix allowed 
identifying two more copies of this sequence namely upstream of llmg_0268 -
Gene DNA motif
lysS (llmg_0389) TGTCAGT 5N   TGTaAGT 
lysA (llmg_1185) TGTCAGT 11N  TGTCAGT
leuC (llmg_1281) TGTCAGT 39N  TGTCAGT
hom (llmg_1331) TGTCAGT 32N  TGTCAGT
arcD1 (llmg_2311) TGTCAGT 11N  TGTCAGT
llmg_2586 TGTCAGT 22N  TGTCAGT
Table 2. Motifs with variable spacing between the conserved DNA repeats present up-




 llmg_0269, encoding a putative ABC-type multidrug transporter, and upstream 
of sugE, specifying a protein putatively involved in multidrug resistance. 
The divergently transcribed genes llmg_1235 and llmg_1236, both part of cluster 
39, share a perfect palindromic sequence (TATATGAGATATCTCATATA) in their upstream 
region. The llmg_1236 gene, encoding a transmembrane protein with unknown function, 
starts 93 bp downstream of this DNA motif while the llmg_1235 gene, encoding for a 
cAMP-binding protein, is only 31 bp downstream of the same DNA motif. 
Genes of cysteine metabolism (GO:0006534) are present in cluster 11, which means 
that their expression profiles are very similar over the complete time-series. A motif 
(GACWNAATATTYYGTCA; llmg_m017) in the upstream regions of three out of four genes is 
also present upstream of the genes of two putative ABC transporters (llmg_1973 and 
llmg_0341) and two putative membrane proteins (llmg_1683 and llmg_2454), all of which 
have no known functions. 
General stress protein genes are overrepresented in cluster 49 according to the 
FIVA analysis but no common motif could be identified in their upstream sequences, even 
though the expression profiles correlated really well in this cluster. 
Two genes that are possible members of the KEGG pathway “Starch and Sucrose 
Metabolism” of L. lactis MG1363 (path_llm00500) share the motif GCGNNNCGCT. One of 
them, llmg_1195 is known to be a member of the CcpA regulon [10]. 
Two DNA-motifs (GAT-N9-CCC; llmg_m024 and CCC-N9-GGC; llmg_m025) are present up-
stream of seven and four operons, respectively, of the ten operons of cluster 32. Subse-
quent mapping on the genome revealed that the motifs overlap at one position: the elon-
gated DNA motif GAT-N9-CCC-N9-GGC (llmg_m044) is present upstream of the oper-
on dexA, maa, amyY, agl, mapA. 
 The motifs described above all contain a spacing of around 9-10 bases. This is not the 
case for the DNA-motif upstream of the genes in cluster 20. In this cluster, genes coding for 
proteins involved in the “Organic Acid Metabolic Process” (GO_0006082) are overrepre-
sented. The DNA motif consists of a direct repeat with variable spacing (see Table 2). This 
extra freedom in spacing reduces the significance of the score for this kind of motif, which 
is not easily discovered by the current DNA motif mining tools. This would suggest that 
many more interesting DNA motifs still remain to be discovered. 
 
Discovery of DNA-motifs based on known regulons 
The method used to discover regulatory motifs was also applied to genes belonging 
to the same regulon.  
140 
Chapter 7 
The expression of arginine metabolism in L. lactis is controlled by the two homolo-
gous transcriptional regulators ArgR and AhrC. Using the upstream DNA regions of genes 
under control of AhrC, the obtained DNA motif (GTATWATWATA; llmg_m027) is compara-
ble with the AhrC DNA binding motif known from literature (RNATAWWWRWRCW [43]). A 
weight matrix search using motif llmg_m027 identified this motif upstream of all AhrC 
































































































































































































































































































































































































































































































































































































































































































































































































































ulon because the known ArgR motif (Larsen et al) is very AT rich leading to a high back-
ground. 
Interestingly, next to the known PyR DNA motif (ARTCCNGNGAGGYT, [44] ), an 
overrepresented DNA motif (CTGACAGWTCTRTCA ; llmg_m043) is present in the upstream 
regions of all PyR regulon members. 
The transcription profiles of the homologous transcriptional regulator genes flpA 
and flpB show a high correlation and we could discern a highly conserved motif 
(TTTAWRMWYMGWWYMGCGG ; llmg_m028) that is specific for these two genes. It is locat-
ed at -200 relative to the start codon of each gene. Although a putative DNA binding motif 
has been proposed for FlpA of L. lactis IL1403 [45], this sequence is not present in the up-
stream region of flpB in L. lactis strains IL1403 and MG1363. 
Analysis of the regulon of the global regulator CodY revealed that besides the known 
CodY-Box [11] a second motif is present. In three of the CodY-regulated operons this motif 
is not located in the upstream intergenic regions but in the relatively large intergenic region 
between the second and the third gene of each operon. It is not clear whether this motif at 
such an unusual location could have any function.  
L. lactis CcpA is a global regulator controlling the expression of a large number of 
genes [46]. The expression profiles of several CcpA regulon members differ during growth in 
milk, suggesting that other regulators are also involved in the expression of these genes. 
Indeed, in addition to the known CcpA DNA-binding motif cre, two additional motifs 
(llmg_m032, llmg_m033) in the upstream regions of several CcpA regulon members could 
be involved in their fine tuning.  
In total 36 new DNA-motifs were identified in the genome of L. lactis MG1363, of 
which 26 were pinpointed on the basis of the clustering results and 10 were identified using 
regulon classification data. To make this valuable information easily accessible, a database 
was made from the 27 known and the 36 new DNA-motifs, the consensus sequences of 
which were built from the alignments (see Supplementary Materials, Table S3 and http://
milkts.molgenrug.nl). Furthermore, the database contains all DNA sequence elements from 
which the motifs were derived. 
 
Building an L. lactis GRN  
Using the “Network Building Blocks” presented Table 3 a Gene Regulatory Network 
(GRN) was built and visualized in Cytoscape [47]. The GRN obtained in this way is especially 
useful for discovery of interactions between genes, regulatory elements and metabolic 
compounds. One straightforward method to mine the GRN is to build the network step by 
step, starting with a single gene or operon of interest and subsequently adding coupled in-
formation, such as regulons, TFBSs, gene-to-gene expression correlation and metababolic 
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compounds and pathways. Subsequently, these connected items (first order connection) 
can be used to expand the network to a second order.  
As an example we present the network around the bi-functional purine biosynthesis 
protein PurH (EC 2.1.2.3; Phosphoribosylaminoimidazolecarboxamide formyltransferase 
and EC3.5.4.10; IMP cyclohydrolase). All first neighbors of purH (first order connection) and 
all neighbors of these neighbors (second order connection) were selected. The resulting 
network links (i) all genes having the same expression profile as purH, (ii) the members of 









First and second order connections to purH are visualized in Cytoscape. 
The purH gene is marked in red. For further explanation of the symbols 
(nodes) see inset. For pathway description see Table 4. Relations be-
tween nodes are shown as lines; blue: GeneNet and pathways; purple: k-
means clustering; black: regulon; red: DNA motifs; green: compounds 
and light blue: operons.  




of which PurH is a member, (v) all compounds produced and consumed by PurH and (vi) the 
genes having the same TFBS as purH has in their upstream regions. Investigating the ge-
nomic context, the first gene downstream of purH, llmg_0995, encoding a putative hydro-
lases of the HAD superfamily, is linked to purH via Cluster47 (k-means clustering results), 
meaning that their expression profiles are highly similar. The gene llmg_0996 is transcribed 
in the opposite direction to purH and llmg_0995 and is not correlated to the two with re-
spect to gene expression. The genes purE, purK, purD and llmg_0998 of operon op0422 
have a second-order interaction with purH indicating that their expression profiles have a 
low correlation to that of purH, especially in the stationary phase the expression levels 
of purE and purK are much lower than those of purH and llmg_0995. The operon 
(op0417) containing purM and purN, encoding two of the eleven enzymes required for the 
fifth step in purine biosynthesis, has first-order gene expression connection to purH. The 
transcriptional network shows that DNA motif llmg_m004 is upstream of glyA, purR, yajC, 
llmg1234, purD, purM, purH and purC. Genes downstream of purC and in the same operon 
(purCSQLF) are also linked to llmg_m004, which is revealed by the GRN.  
In the next step of GRN building data of transcription regulation derived from litera-
ture was added, extending the network with genes under control of PurR. The PurBox de-
scribed by Kilstrup et. al. [41] was not included in this network because it defines a poorly 
conserved motif and would add many irrelevant genes to the GRN. Subsequently, integra-
tion of the k-means clusters derived from DISCLOSE adds links between genes with similar 
expression profiles over the complete time-series. Cluster 47 contains the majority of the 
pur genes (operons: purCSQLF, purDEK llmg0998, purMN, purH) but the GRN also links a 
putative phosphonate transporter operon (phnB phnC llmg_0315 cpdC), and the guanine 
permease gene pbuO, Furthermore, several genes encoding hypothetical proteins are now 
KEGG pathwayDescription
path00230 Purine metabolism 
path00251 Glutamate metabolism 
path00252 Alanine and aspartate metabolism 
path00260 Glycine, serine and threonine metabolism 
path00310 Lysine degradation 
path00460 Cyanoamino acid metabolism 
path00630 Glyoxylate and dicarboxylate metabolism 
path00670 One carbon pool by folate 
path00680 Methane metabolism 
path03030 DNA polymerase 
path03060 Protein export 
Table 4. Description of the KEGG pathways presented in Fig. 6  
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linked to known genes on the basis of their expression profiles and other edges of the tran-
scriptional network. Thus llmg_1912 is linked to pnuO, llmg_0998 to purDEK, llmg_0995 to 
purH and llmg_315 to phnBC. Interestingly, glyA and purD are involved in consumption of 
compound llmg_gly while they also have the same upstream motif llmg_m004.  
This single example shows the power of GRNs to discover links between various bio-
logical systems. It is beyond the scope of this work to discribe all the interesting findings 
derived from this GRN. The network built here, starting with purH as the centre node, is 
available as an XGML file (“subnetwork_purH.xgmml”) for Cytoscape. The complete net-
work can be downloaded from our website.  
 
Conclusion 
This analysis shows how genes and classes of genes behave when L. lactis is grown 
in milk. Deep insights in the processes of gene regulation are gained and leads for future 
experimental research can be obtained from this detailed analysis of this milk transcrip-
tome time-series. As an example, we uncovered a substantial number of novel putative 
TFBSs which seem to be operational during growth in milk. Finally, all results were used to 
build the L. lactis milk fermentation GRN. The GRN building blocks that we used are freely 
available on-line and will give researchers in the field the exiting possibility to mine and vis-
ualize in detail their process of interest. In another paper this valuable resource is extended 
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 Bacteria are regarded as relatively simple organisms when compared to higher 
eukaryotes. Whereas human have approximately 25.000 protein-coding genes resulting in 
approximately 90.000 proteins, a bacterium like Lactococcus lactis has some 2.500 genes 
encoding around 2.500 proteins. These 2.500 genes and proteins form the blue print of a 
living organism, in this case the “cheese bacterium” L. lactis, and a solid base for studying 
the life and working of it. L. lactis, being an industrially and thus economically important 
work horse, to understand in molecular detail how the bacterium reacts to its environment 
and to be able to predict the outcome of perturbations would be of eminent importance. 
The ultimately Holy Grail would be to have an in silico model of the bacterium that would 
react to signals from its environment, imposed by the experimentalist behind the computer 
like it’s worldly counterpart would. The basis for building such a model is data derived from 
genomics, transcriptomics, proteomics and metabolomics experimentation.  
 This thesis focuses on how to combine and visualize the large data sets that are 
obtained from “-omics” research. Sequencing of bacterial genomes nowadays is a relative 
easy task and most genes and the proteins they encode can be deduced from the DNA 
sequences. A major bottleneck is the wrong or ambiguous annotation of genes in the 
mostly automated genomic annotation process; especially small open reading frames 
(ORFs) are often overlooked. Many of these potentially encode interesting functions such 
as antimicrobial peptides (bacteriocins). We developed a method to discover these small 
ORFs encoding putatively novel bacteriocins. While the last several decennia a lot of effort 
has been put in unraveling the function of proteins, the function of 30-40% of proteins 
encoded by every new genome sequenced, remains unclear; this represents a bottleneck 
for building genome-scale models of the in silico cell. This thesis describes the presence and 
levels of mRNA in bacteria growing under various stressful conditions and in particular the 
technology of measuring these levels and how to integrate the newly gained knowledge 
into a gene regulatory network. The reconstruction of such a network for L. lactis, where 
the experimental evidence of regulatory mechanisms is limited, is challenging. Despite of 
the lacking data we showed in this thesis that by developing novel bio-informatics tools and 
measuring the transcriptome under various conditions, new insight is gained in the 
complex system of transcription regulation in a relative simple organism as L. lactis. 
 
Unravaling a regulon on the basis of DNA motifs using Genome2D 
 Unifrag and GenomePrimer were developed to design amplicons for the in-house 
production of DNA microarrays (Table 1). Experience in designing and using 
oligonucleotides for bacterial genomes, was incorporated into the algorithm described in 
Chapter 1, which resulted in one of the most successful PCR primer design system for 
amplicon-based DNA microarrays for bacterial genomes. Although DNA microarrays are 
world-wide still used there is a quick shift towards directly sequencing of RNA (RNA-seq), a 
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technique that uses the overwhelming power of next-generation sequencing. A big 
advantage of this technology is that no probe design is needed and that it can uncover all 
transcription active regions (TARs), including those that specify small RNAs, which are 
normally missed in DNA microarrays. The drawback of RNA-seq is that it is laborious and 
still rather expensive and therefore less suitable for a large number of samples or for e.g. 
education purposes.    
 
Milk time series 
 The DNA microarray technology and facility set up in our research group helped to 
uncover the transcriptomes of various bacterial species (see Table 1) in hundreds of 
different conditions such as single or multiple gene mutations, environmental stresses or 
combinations the ???. The combined data of transcriptomes measured under various 
conditions is called perturbation data. A special experimental setup is to follow the 
transcriptome of a bacterium over time, time series or chrono-transcriptomics using this 
strategies, the expression profiles of all genes in the genome of L. lactis were made in order 
to investigate the behavior of the entire L. lactis gene regulatory network during growth in 
milk. More insight was gained in the response of regulons to the changing milk 
environment. Furthermore, we observed differences in expression profiles between 
operons that are member of the same regulon. The complex biological processes taking 
place were visualized and analyzed in detail using the Transcriptional Network which 
showed the relation of gene expression to metabolic pathways, regulons, TFBSs and 
Species Strain
Lactococcus lactis subsp. cremoris MG1363














Table 1. Bacterials species for which DNA microarrays were designed in our research group 




functional categories. Known TFBSs were confirmed and several new DNA motifs were 
found using the L. lactis milk chrono-transcriptomics data. The combination of experimental 
data, prediction methods and literature, is a valuable resource for Gene Transcriptional 
Network reconstruction.    
 
 Chapter 2 describes the development of Genome2D that enables visualization of 
transcriptome data onto a linear map of an annotated bacterial genome; at the same time 
highlight additional features, such as the positions of putative regulatory sequences and 
terminators. For example, one can putative CcpA-binding sites (cre-boxes) and promoter 
elements were searched in the genome of L. lactis and visualized together with DNA 
microarray data using Genome2D. This revealed the putative CcpA regulon. Later these 
results were confirmed by experiments by den Hengst et al {{22 den Hengst, C.D. 2005;}}, 
which proofs the power of this program. Furthermore, DNA microarray data in combination 
with Genome2D was used to uncover: the major multidrug resistance transporter in L. 
lactis. {{207 Lubelski,J. 2006;}}, regulation of gene expression in S. pneumoniae by CodY and 
response regulator 09 {{209 Hendriksen,W.T. 2008;210 Hendriksen,W.T. 2007;}}. The 
program is also used for genomic array footprinting (GAF) for identification of conditionally 
essential genes. This program is available via a free license and is very popular showing 
approximately2000 registrations at the end of 2011.    
 
Prediction of Regulons 
 Since the sequencing of bacterial genomes started in the 1990s, databases have been 
developed to lodge the large data sets. Databases are now available for single genome such 
as DBTBS (B. subt) and RegulonDB (E. coli) and for multiple genome systems such as 
PRODORIC, microbes-online and RegPrecise and which contain valuable resources for TFs, 
TFBSs and operons. The challenge is to use this information to predict regulons in 
prokaryotes other than the ones present in the current databases. For this purpose PePPER 
(Chapter 6) was built; it can be used to annotate the intergenic regions in bacterial and to 
predict potential regulons of TFs under study including their cognate TFBS. We combined 
the regulon and TFBS data from various sources and supplemented it by our knowledge on 
L. lactis, and subsequently predict regulons in L. lactis and in addition used the L. lactis 
regulon data to predict regulons in other prokaryotes. As an example, the L. lactis cell wall 
biosynthesis regulon regulated by WalR was predicted using knowledge derived from 
Bacillus subtilis and Streptococci. Furthermore, lactococcal regulon was extended with the 
cell wall hydrolase gene acmA on the basis of the presence of a shared DNA motif (the L. 
lactis WalR-TFBS). This method of combining TFBS mining and comparative genomics 
analysis of regulons, followed by a de novo prediction of DNA motifs gives a quick and 
robust prediction of putative regulons and helps biologists to design experiments to 
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underpin the predictions. Especially for reconstruction of gene regulatory networks this 
method uses the information derived from experiments in a certain bacterium to help to 
build a network for another bacterium.                
Discovery of bacteriocins or lantibiotics in prokaryotes. 
 Genes that encode relatively small proteins such as bacteriocins are not easy to find 
in sequenced bacterial genomes. A very successful method to discover small bacteriocins 
using the combination of physical properties, conserved patterns in the protein sequences 
and the genomic context of the genes involved, is described in Chapter 4 and 5. The 
algorithm was implemented in the user friendly web server BAGEL, which was launched in 
2006. New bacteriocins and lantibiotics were discovered using BAGEL predictions method 
or database (15 publications). This success, in combination with the increasing number of 
(meta-) genomics data and improved knowledge on bacteriocins and especially lantibiotics, 
led to the development and release of a high-throughput system in 2010: BAGEL2 (6 
publication). Thousands of genomes, meta-genomics data and raw unfinished genome data 
were screened using BAGEL2, revealing putative novel bacteriocins. These are now used as 
input for synthetic biology studies to prove the activity of these antimicrobial peptides. The 
increasing number of papers citing BAGEL2 supports the power and usefulness of the 
method in discovering putative bacteriocins. In this sense BAGEL2, including its extended 
database of known bacteriocins, is unique world-wide. The future perspective is that novel 
bacteriocins and modification enzymes will be discovered and needs to be added to the 
BAGEL database.  Furthermore, soon RNA-seq data will become available and it’s a 
challenge to use this valuable resource to improve the BAGEL method.    
 
Gene Transcriptional Network of Lactococcus lactis 
 Merging and subsequently visualizing data sets from multiple sources in a network 
enable to uncover relations between nodes. We used genomics, transcriptomics, TFBSs, 
DNA motifs, classification and literature data to reconstruct the gene regulatory network of 
L. lactis. Chrono-transcriptomics data of L. lactis growth in milk was used to correlate the 
expression behavior of genes over time. By visualizing these correlations in the network, 
regulons and metabolic processes could be divided into sub-categories. The network was 
extended with regulon predictions obtained by PePPER. The results of this work are not 
shown in this thesis. Extending this data set by time series transcriptomics of L. lactis grown 
in rich media (unpublished data) and perturbation stress data (unpublished data) will form 
a valuable resource for studying L. lactis gene behavior.  
 
Why software was developed in the strong growing bioinformatics field   
 The increasing size and diversity of genomics data requires that a structural and easy 




Many (statistical) methods, algorithms and databases have been published in specialized 
bioinformatics journals such as e.g. Bioinformatics, BMC bioinformatics, JBCB and Briefings 
in Bioinformatics but also in DNA / genome research-oriented research journals (NAR, 
Genome Research, Genome Biology, BMC genomics etc.). The high number of 
bioinformatics papers currently being published in these journals would suggest that the 
majority of bioinformatics problems have been tackled and a bioinformatics solution for a 
specific research question has already been solved. Although many progressive methods or 
algorithms are very useful, unfortunately many can not be used because the published 
method deals with; i) a very specialized problem, ii) one specific or selective group of 
organism(s), iii) a database dedicated to a small community, iv) a manually analyzed data 
set that can’t be reproduced by biologists. Moreover often the method, algorithm or 
software can often not be implemented because; i) is strangely enough not available, ii) has 
been developed for a specific organism only, iii) is too complex to be used by biologists 
(unclear parameter settings or the program is command line driven), iv) it is not suitable for 
high-throughput purposes, v) is not supported anymore, vi) does not work. The developed 
software and web servers presented in this thesis circumvent these problems because 
these have been developed in close collaboration with experimental biologists, to ensure 
maximum user friendliness, by making them suitable for all bacterial genomes by 
supporting both single use and high throughput use and, where possible, parameter free 
operation and web based.  
 
 With the introduction of the extreme powerful next generation sequencing (NGS) 
technology new opportunities rise. Quantities of DNA or RNA that can be sequenced seem 
to be almost unlimited. Currently the Roche 454 FLX Titanium produces 1.2 million reads of 
400-1000 bases resulting in 109 bases in a single run. The SOLiD of Life Technologies/ ABI 
produces 1011 bases per run of 50-100 bases per read. Until now, the prediction by 
bioinformatics techniques of operon structures and of transcription start sites are very 
unreliable; using these new technologies these features can now be relatively easily 
extracted from RNA-seq data. With this experimental data, the prediction algorithms could 
be improved tremendously. With the increasing size and the variety of immense date sets 
the number of bio-informatics tools is likely to increase simultaneously to such an extent 
that it becomes, even for a bioinformatics expert, problematic to handle. The solution is to 
build or use a bioinformatics platform that couples the tools in an easy-to-handle process of 
data analysis (pipeline) such as Galaxy for NGS data and GenePattern for genomics analysis. 
An in-house platform for such data analysis is currently under construction and tools are 
ready for the next challenge.  
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Bacteriën  
Bacteriën zijn kleine zelfstandige organismen die bestaan uit 1 cel van ongeveer 
éénduizendste millimeter en die zich vermenigvuldigen door zichzelf in tweeën delen. Het 
zijn interessante organismen die al lang bestonden voordat er op aarde planten, dieren of 
mensen waren. Ze zijn in staat om vrijwel overal ter wereld te overleven, zelfs onder 
extreme omstandigheden zoals in droge zoute gebieden of hete diepzeetroggen. Maar ook 
in en om ons heen is het weelderige leven van de bacteriën volop aanwezig. Alleen al op je 
huid leven miljarden bacteriën waarvan de soort Staphylococcus de meest voorkomende is 
(100.000 per cm2). De geur die je ruikt na warme regenbui komt voor een belangrijk deel 
van bacteriën. Als je voedsel lang laat liggen gaan er bacteriën, gisten of schimmels op 
groeien waardoor het eten bederft. Bacteriën veroorzaken niet alleen bederf van 
voedingsmiddelen maar ze worden ook vaak gebruikt in de voedselproduktie: door melk, 
vlees, vis, olijven, zuurkool of soja te behandelen met speciale soorten van bacteriën of 
gisten/schimmels zijn deze producten vaak lekkerder en lang bij kamertemperatuur 
houdbaar. Deze mogelijkheid van sommige bacteriesoorten om voedsel te fermenteren 
hebben ze te danken aan eigenschappen die zijn opgeslagen in hun DNA. Dit proefschrift 
gaat over het DNA van bacteriën en welke eigenschappen ze hierdoor bezitten (dat 
noemen we ‘genomics’) en hoe en wanneer DNA omgezet wordt naar RNA (dit heet 
‘transcriptomics’). Het RNA is het intermediair tussen DNA en eiwit, d.w.z. DNA (de code) 
wordt omgezet naar RNA (de boodschapper) en het RNA wordt vertaald naar eiwitten (de 
uitvoerder). Eiwitten vervullen een essentiele rol in elk organisme: ze zijn onder andere 
betrokken bij de opbouw van cellen, de communicatie tussen cellen (bijvoorbeeld 
hormonen) en vele voeren allerlei belangrijke processen uit (enzymen). Hoewel onze 
onderzoeksgroep daarom veel onderzoek doet naar eiwitten, richt mijn onderzoek zich 
vooral op het DNA en RNA van bacterien. 
We weten allemaal dat sommige bacteriesoorten, de pathogenen, je ziek kunnen 
maken maar wellicht minder bekend is dat we zonder bacteriën niet kunnen leven. We 
leven samen met bacteriën en delen het voedsel met hen: de bacteriën in onze darmen 
(de darmflora) breken het voedsel af tot stoffen die voor ons lichaam nodig zijn om goed 
te kunnen functioneren. Daarom is het ook belangrijk om je darmflora ‘gezond’ te houden. 
De darmflora die je bezit is voor een groot deel afhankelijk van je eigen genetische aanleg. 
Iedereen heeft hierdoor een eigen optimale flora. Aanleg om dik te worden (obesitas) of 
gevoelig zijn voor darmontstekingen, zoals de ziekte van Crohn, wordt mede veroorzaakt 
door de processen van de darmbacteriën. Bij het herstel van een verstoorde darmflora kun 
je de natuur een handje helpen door levende bacteriën te eten in de vorm van de vele 
yoghurtachtige drankjes die tegenwoordig in de supermarkten liggen.  Als je bedenkt dat 
we ongeveer 1 tot 2 kilo bacteriën in onze darmen hebben, kan de bijdrage van de 
drankjes niet groot zijn, maar misschien net voldoende voor een positief effect op de 
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darmwerking. Op dit moment wordt wereldwijd hard gewerkt aan dit soort drankjes, met 
hoofdzakelijk de bacteriesoort Lactobacillus, die een positief en/of beschermend 
(stimulering van het immuunsysteem) effect heeft op je lichaam. De voorlopige resultaten 
zijn veelbelovend! Natuurlijk zijn er ook bacteriën die je darmflora ontregelen zoals 
varianten van Escherichia coli (bijvoorbeeld EHEC) of Campylobacter, Salmonella en 
Legionella waar je flink ziek van kunt worden of zelfs ondanks de huidige medische kennis 
dood aan kunt gaan. In ons laboratorium doen wij onderzoek naar Streptococcus 
pneumoniae die in de longen of het hersenvlies ontstekingen kan veroorzaken. Vooral in 
derde wereldlanden sterven jaarlijks meer dan een miljoen kinderen door een infectie met 
deze bacterie. Doordat de farmaceutische industrie er weinig aan kan verdienen, wordt 
onderzoek aan dit soort bacterien hoofdzakelijk bij universiteiten uitgevoerd. Een 
pneumokokkeninfectie kan overgedragen worden via de lucht, maar veel andere 
bacteriesoorten reizen mee in voedsel. Vanuit de voedingsindustrie is er dan ook grote 
belangstelling om voedselbederf maar ook infecties via voedsel tegen te gaan. Inerte 
bacteriële sporen (denk aan zaden van planten) kunnen aanwezig zijn op voedsel; deze 
kunnen ontkiemen en uitgroeien tot delende bacteriën. Deze zogenaamde sporulerende 
bacterien zijn zeer moeilijk te bestrijden. Het maken van theoretische modellen van zulke 
uitgroeiprocessen van sporen en van bacterien in voedingsmiddelen is typisch het werk van 
de huidige bio-informaticus (iemand met verstand van biologie, statistiek en informatica).   
Translatie:





de synthese van een RNA copy 
van een stuk DNA
RNA: 1 streng
Ingezoomd:
het DNA bestaat uit 2 strengen
die om elkaar heen gewikkeld zijn
als een dubble helix




Tot 10 jaar geleden waren studies erop gericht om één eiwit of een proces waarbij 
slechts een paar eiwitten betrokken waren, te bestuderen. Dit heeft veel detailinformatie 
opgeleverd over duizenden processen. Zo rond de eeuwwisseling deed de DNA-chip zijn 
intrede in het wetenschappelijk onderzoek en een paar jaar later werd deze technologie al 
toegepast in de diagnostiek bij kanker.  Met DNA-chips kun je onder verschillende 
omstandigheden al of niet gedurende langere tijd volgen welk deel van het DNA (welke 
genetische informatie of “genen”) gebruikt wordt door een organisme. Dit wordt gedaan 
door de hoeveelheid RNA te meten die van het DNA afgeschreven wordt en die uiteindelijk 
tot eiwitactiviteit leidt. Het tweede hoofdstuk van dit proefschrift beschrijft een efficiënte 
methode om alle genen in het bacteriële DNA te herkennen om met deze kennis vervolgens 
DNA-chips te maken. 
Elk voordeel heeft ook een nadeel; een paar eigenschappen bestuderen is voor een 
wetenschapper een mooie puzzel, maar tienduizenden metingen zijn onmogelijk te 
verwerken door het menselijk brein. Het derde hoofdstuk beschrijft het 
computerprogramma Genome2D dat al deze data kan verwerken tot kleinere voor de mens 
begrijpelijke brokken informatie en die vervolgens kan visualiseren in een kleurenplaatje 
dat makkelijker geanalyseerd kan worden.  
 
De melkzuurbacterie 
 In dit proefschrift gebruik ik als modelorganisme de melkzuurbacterie 
Lactococcus lactis (L. lactis). Het DNA van deze bacterie heeft ongeveer 2½ miljoen “letters” 
waarin ongeveer 2500 genen liggen opgesloten; deze genen coderen voor ongeveer 
evenveel eiwitten. Veel van deze eigenschappen zijn nodig voor de bacterie om op melk te 
kunnen groeien en deze om te zetten (te fermenteren) in kaas. De eigenschappen van een 
aantal van deze genen en de eiwitten die ze coderen zijn beschreven in wetenschappelijke 
publicaties. Omdat DNA universeel is voor al het leven op aarde kan de kennis over genen 
en eiwitten die niet bestudeerd zijn in L. lactis, verkregen worden uit studies aan andere 
bacteriën, schimmels, gisten, plant, dier of mens. De website PePPER die ik in hoofdstuk 6 
beschrijf bezit veel van deze literatuurkennis over de omzetting van DNA naar RNA en het 
regelen van deze transcriptie. Deze kennis kan gebruikt worden om in een willekeurige 
bacterie waarvan het DNA bekend is, de genregulatieprocessen te analyseren. Het blijkt 
namelijk zo te zijn dat een bacterie niet altijd al zijn genen gebruikt: al naar gelang de 
behoefte worden genen aan- of uigezet. 
Met genetische technieken kan het DNA van bacteriën relatief simpel veranderd 
worden om de eigenschappen daarvan te wijzigen, te verwijderen of toe te voegen. Zo zijn 
er melkzuurbacteriën gemaakt die kaas sneller rijpen, wat economisch gunstig is. Deze 
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genetische veranderde bacterien zijn momenteel op de Europese markt niet toegestaan. Er 
zijn ook methoden waarbij het DNA niet veranderd wordt, maar waarbij de vertaling van 
het DNA via RNA naar eiwitten wel beïnvloed wordt. Zo kan in de kaasbereiding gespeeld 
worden met de temperatuur, zuurtegraad, hoeveelheid zout of met verschillende mengsels 
van melkzuurbacteriën. In hoofdstuk 7 doe ik hiervoor onderzoek naar de processen die in 
L. lactis aan of uitgaan tijdens groei van de bacterie in melk, m.a.w. in de eerste stappen 
van het kaasmaakproces.  
 
Antibiotica en bacteriocines 
 Een groot probleem is dat er steeds vaker bacteriën opduiken die resistent zijn 
tegen één of meerdere, of soms zelfs alle bestaande antibiotica. Er wordt hard gezocht naar 
oplossingen en naar het antwoord op de vraag hoe het kan dat die bacteriën zo snel 
resistent worden tegen antibiotica. 
Een deel van dat antwoord ligt besloten in het feit dat bacteriën een paar bijzondere 
eigenschappen hebben:  
Ze kunnen DNA uitwisselen met soortgenoten en zo resistentie-eigenschappen van 
elkaar overnemen. 
Ze kunnen vrij DNA openemen en zo eventueel aanwezig 
antibioticumresistentiegenen verkrijgen uit de omgeving. 
Hun DNA kan veranderen door mutatie waardoor nieuwe eigenschappen kunnen 
ontstaan, zoals resistentie tegen antibiotica. 
Ze hebben een korte generatietijd (sommige delen elke 20 minuten), waardoor een 
resistentie-eigenschap zich razendsnel kan verspreiden. 
Deze processen komen bij vrijwel alle bacteriesoorten voor en zijn niet te remmen. Dus om 
resistentieontwikkeling tegen te gaan, zou je bepaalde antibiotica simpelweg niet moeten 
gebruiken tenzij het echt nodig is om een patiënt te behandelen. Helaas is de praktijk 
anders en worden alle soorten antibiotica massaal gebruikt. Misschien is het gebruik in 
ziekenhuizen nog niet eens het grootste probleem, zolang het goed gecontroleerd en 
gedoseerd gebeurt, maar de grootschalige toepasssing in de veehouderij. Op dit moment is 
Nederland zelfs koploper in het gebruik van antibiotica in de veehouderij (varkens en 
kuikens) binnen Europa. Als het beleid van minister Bleker goed uitpakt, moet het gebruik 
van antibiotica in de veehouderij eind 2013 gehalveerd zijn t.o.v. 2009.   
Een mogelijke oplossing om het gebruik van antibiotica te stoppen is om ze te 
vervangen door bacteriocines. Wat zijn dat? Bacteriocines zijn vaak meestal kleine eiwitten 
die net als antibiotica bacteriën kunnen doden. De werking is echter verschillend en een 
bacteriocine werkt meestal maar tegen een paar bacteriesoorten: het heeft een ‘smal’ 
spectrum. Het voordeel is dat je gericht een bacteriesoort kunt bestrijden en het nadeel is 
dat je voor elke soort een specifieke bacteriocine nodig hebt. Waar komen die 
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bacteriocines vandaan? Uit bacteriën! Om als bacterie te overleven in een omgeving met 
veel andere soorten bacteriën moet je je kunnen verdedigen. Dit kan door bacteriocines te 
produceren en oorlog te voeren met de concurrenten. Het van belang om veel types 
bacteriocines op te sporen en te produceren voordat ze als vervangers voor antibiotica 
gebruikt kunnen worden. Deze arbeidsintensieve zoektocht wordt nu door veel 
onderzoeksgroepen gedaan door bacteriën in het laboratorium te testen op eventueel 
aanwezige actieve bacteriocines, waarbij af en toe succes geboekt wordt. Deze biologische 
technieken waarbij levende organisme worden gebruikt, wordt ‘in vivo’ (Latijns voor ‘in het 
leven’) genoemd en het experimenteren in reageerbuizen ‘in vitro’ (‘in glas’). De methode 
(BAGEL) die ik hier in hoofdstuk 4 van dit proefschrift beschrijf is een puur op bio-
informatica gebaseerde manier om het zoekproces te versnellen, te ondersteunen of zelfs 
te vervangen. Het gebruik van computermodellen om biologische systemen te beschrijven 
en vraagstukken op te lossen wordt vaak aangeduid met de term ‘in silico’ (‘in zand’). De 
informatiebron van de BAGEL-methode is niet de bacterie zlef maar zijn DNA dat door het 
computerprogramma onderzocht wordt op potentieel aanwezige genen voor bacteriocines. 
Het programma zoekt niet alleen naar bacteriocinegenen, maar ook naar genen voor 
enzymen die betrokken zijn bij de activatie van bacteriocines en bij het immuunsysteem dat 
er voor zorgt dat de bacterie zelf niet dood gaat tijdens de productie van het bacteriocine. 
Door dit zoeksysteem aan te bieden via een website, is BAGEL nu wereldwijd toegankelijk 
voor iedere geïnteresseerde onderzoeker. Sinds de lancering van de website in 2006 
hebben we veel respons gehad en een aanzienlijke hoeveelheid referenties in 
wetenschappelijke publicaties. Dit succes en de nieuwe kennis van bacteriocines is de 
aanzet geweest om het systeem verder uit te breiden en geschikt te maken voor 
complexere DNA databronnen; bijvoorbeeld het bacteriële DNA in de darmen (BAGEL2: 
hoofdstuk 5 van dit proefschrift). Op dit moment worden de door BAGEL2 opgespoorde 
bacteriocines in het laboratorium onderzocht op hun werking. Doordat het tegenwoordig 
steeds gemakkelijker wordt om DNA van een organisme in kaart te brengen neemt de 
hoeveelheid beschikbaar DNA om te onderzoeken exponentieel toe; dit heeft ons aangezet 
tot de ontwikkeling van BAGEL3 die op een zeer krachtige computer gaat draaien om nog 
meer potentiele bacteriocinegenen op te sporen die verborgen zitten ergens in de 
miljarden letters van al het DNA dat op dit moment in kaart is gebracht en nog zal worden 
gebracht.  
 
Het leven ‘in silico’ 
Dat een bacterie een relatief simpel organisme is, betekent niet dat hij al zijn 
geheimen zo maar prijsgeeft. Alle eiwitten die van zijn RNA afgelezen worden zijn voor een 
groot deel te meten. Ook de chemische stoffen die de bacterie opneemt, maakt en 
uitscheidt zijn te bepalen. Al deze metingen kunnen gebruikt worden om een 
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computermodel van de bacterie te trainen (machine learning). Dit model kan dan gebruikt 
worden om te voorspellen hoe de bacterie zal reageren op invloeden van buitenaf. De 
huidige computermodellen zijn nog onvolledig waardoor voorspellingen niet altijd 
betrouwbaar zijn, maar in de nabije toekomst zullen ze dit zeker verbeterd worden en 
zullen ze uiteindelijk ook gemaakt kunnen worden voor cellen van  plant, dier of mens. Dus 
wie weet zijn er over een aantal jaren geen proefdieren meer nodig, maar in plaats daarvan 
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Op dit moment schrijf ik het laatste stukje tekst voor mijn proefschrift, een 
bundeling van artikelen gebaseerd op werk van de afgelopen paar jaar. Al vanaf het begin 
van mijn aanstelling had ik al belangstelling voor programmeren en één van mijn eerste 
programmeer projecten was om een 3D model van een eiwit op het scherm te laten draaien 
(3Dprot), wat met de trage computers van 1990 een hele uitdaging was. In 2004 zette 
Richard en Sacha mij aan om de ontwikkelde software en/of methoden samen met hun te 
publiceren in wetenschappelijke tijdschriften. Dit was ook het moment dat er een 
toenemende vraag kwam naar bioinformatica. Het afbouwen van het boeiende moleculair 
genetisch werk was echt wel wennen en ik mis het nog steeds. Maar nu voelt goed om nu 
op mijn 50ste dit proefschrift te schrijven over het werkt dat ik zo boeiend vind; de 
bioinformatica. Het zijn de vele samenwerkingsprojecten binnen en buiten onze afdeling, 
die de grondslag vormen voor dit boekje. Naast de hoofdstukken van dit proefschrift 
hebben deze projecten van de afgelopen 10 jaar nog 20 autheurschappen opgeleverd waar 
gebruik gemaakt is van de door mij ontwikkelde bioinformatica methoden. Naast onderzoek 
is onderwijs een bijzonder fijne aanvulling en het is een uitdaging om nieuw verworven 
kennis over te dragen aan studenten. Vier jaar geleden ben ik begonnen om een aantal 
topmasterstudenten te leren hoe ze een DNA-microarray experiment moeten opzetten en 
hoe ze de verkregen complexe datasets moeten analyseren. Ik ben Jan Kok dan ook erg 
dankbaar dat hij mij het vertrouwen heeft gegeven om mijn expertise uit te werken tot een 
succesvolle mastercursus. Een mooie dynamische en uitdagende baan waarin ik goed mijn 
creativiteit kwijt kan, wat wil en mens nog meer. 
Het meest trots ben ik op het programma Genome2D waarvan er wereldwijd nu 
bijna 2000 licenties uitgegeven zijn. Intussen werk ik aan een opvolger in de vorm van een 
webserver, die om kan gaan met de toenemende complexiteit van datasets. Ook trots ben 
ik op BAGEL die een bijdrage levert aan de ontwikkeling van alternatieven voor antibiotica. 
En last but not least PePPER wat een broedsel is van vraagstukken voorvloeiend uit de 
projecten van het topinstituut voor “Food and Nutrition” (TIFN). 
 
Jan Kok, mijn promotor, mijn stimulator, jij inspireert mij altijd, bedankt dat je dit 
boekje mogelijk hebt gemaakt. We hebben een mooie symbiose van fundementele 
wetenschap en bioinformatica. Regelmatig klop ik bij je aan met vragen over de processen 
in melkzuurbacteriën waarop jij altijd wel het antwoord weet of je kent iemand die er aan 
gewerkt heeft en als bonus hoe dat in andere bacteriën werkt. Het mooiste vind ik altijd je 
toegift over het maatschappelijk belang van het onderzoek. Voor het maken van dit boekje 
moest er veel geschreven worden en jij hebt mijn kromme zinnen rechtgetrokken. 
Regelmatig klop jij aan met de vraag: Anne, hoe zit het ook al weer met die statistiek. Jan, 
deze manier van werken is echt fijn en ik hoop nog jaren samen met jou onderzoek te doen.  
Oscar, mijn tweede promoter, ik kan altijd genieten van de vele projecten die jij naar 
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onze groep haalt sommige daarvan in mijn schoenen schuift. Soms kleine projecten met 
mensen uit Spanje die graag met ons hun data willen analyseren of een kort intensief 
project zoals met AMC-pharmaceuticals, of samen met Jan lang-lopende projecten van 
TIFN. Je bent ook de grondlegger voor BAGEL dat uiteindelijk een succesvol en belangrijk 
onderdeel is geworden van mijn proefschrift. Het is een voorrecht is om te werken in de 
krachtige en grote onderzoeksgroep die jij samen met Jan opgezet hebt.  
 
Mogens, the project of you and Morten was a nice collaboration; at the time we 
started I could not imagine that this would lead to a chapter of my thesis. You let me free 
to play around with the data derived from this project enabled me to perform an ‘in dept’ 
analysis of L. lactis grown in milk. The first attempt to publish the work failed but now we 
have a good story submitted to a good scientific journal. It was nice visiting you in Copenha-
gen a few years ago and I hope to meet you soon again.   
 
Sacha, ik leerde jou kennen nog voordat je bij ons werkte. We hadden een 
gemeenschappelijke hobby waarvan we nu beiden ons werk hebben gemaakt. De 
samenwerking op het gebied van de (bio-)informatica was altijd goed, en we hebben 
eindeloos gebrainstromt over problemen en oplossingen. Intussen werk je al een paar jaar 
niet meer in Groningen, maar de samenwerking blijft en we drinken binnenkort weer een 
biertje.    
Mijn paranimfen: Jan Maarten en Siger. Jan Maarten, als ik terugreken kennen we 
elkaar intussen 27 jaar en zijn we 22 jaar geleden gaan samenwerken en vrienden 
geworden en al die tijd is de vriendschap gebleven. Het was ook die periode dat ik twijfelde 
of de wetenschap wel mijn passie had, maar door jou ongekende stimulerende 
enthousiasme heb ik hier het onderzoek echt leren waarderen. Door jouw drukke baan zijn 
de filmavonden en de etentjes zeldzamer geworden, misschien tijd om rustiger aan te doen 
met je werk? Siger, jouw brede rug, jouw rustige uitstraling, al jaren delen we het kantoor 
en vaak heb je mijn verhalen, soms tot vervelends toe, moeten aanhoren, maar je blijft 
meegaand; een fijne eigenschap. Bedankt voor de samenwerking tijdens het opzetten van 
de DNA-microarray faciliteit, de leuke tripjes naar Zurich en het antwoorden van lastige 
PHP problemen; je bent altijd bereidt om te helpen. Het wordt tijd dat we weer een 
middagje gaan vrijnemen om met de motor door de provincie te gaan toeren. 
Mijn collega’s Anne en Harma; meer dan collega’s. Jullie zijn er altijd voor een 
gesprek dat verder gaat dan het werk. Anne de reisverhalen, de eetkunst, het leven, jouw 
enthousiasme over zo veel dingen brengt sfeer in ons kantoor! Harma, jouw creativiteit 
heeft mij geïnspireerd. 
Auke, je kennis over bacteriocines had ik niet kunnen missen om BAGEL2 te 
ontwikkelen. Samen werken we aan de derde release van BAGEL om nog beter te kunnen 
174 
zoeken naar bacteriocines en de toenemende grote van de datasets te kunnen verwerken. 
Martijn, de nieuwe bioinformatica ontdekking. Martijn je bent niet bij onze groep 
gaan werken als bioinformaticus, maar je bent het in hart en nieren, jouw kennis, de 
manier van denken; dit is je roeping. We vormen nu een krachtig koppel en kunnen goed 
van elkaar profiteren, we gaan zeker een paar goede publicaties afleveren.  
Nu wordt het lastig want als ik iedereen ga opnoemen waarmee ik de afgelopen 
jaren heb samengewerkt, zal deze pagina overstomen van namen. Een paar mensen die 
bijgedragen hebben aan dit proefschrift wil ik toch bij naam noemen: Rutger, bedankt voor 
de mooie scripts en de kennis over heel veel verschillende programmeertalen. Richard 
voor het wegzetten van Genome2D. Tom Eckhardt voor de meedenkendheid en het hosten 
van de Nespresso, ik zal niet verklappen dat die in jouw bureaula staat. Emma, ondanks 
dat je nu niet meer bij ons werkt, toch fijn om af en toe en snoepje bij je kan halen. Jannet, 
bedankt voor het regelen van veel zaken en je moet je werktijd aan die van mij aanpassen 
zodat we weer samen kunnen fietsen ;). Tomas, bedankt voor de muzikale intermezzo, het 
was een bijzondere ervaring om met zo’n goede pianist samen muziek te maken en ook 
nog onderzoek. Hilco en Martijn Cordes, PePPER is geaccepteerd, bedankt voor jullie 
programmeerwerk. Robyn, Tonia, Sjoerd en Akos voor het nu lopende TIFN-project. Jan 
Willem bedankt voor je vele ideeën en de RNA-seq-data. Iedereen van MolGen bedankt 
dat jullie er met z’n allen een boeiende onzoeksgroep vormen / Thanks to any member of 
MolGen for your contribution of our succesfull research group. 
 
Mijn zus Annet, mijn broertje Alex en heit. Het is fijn om een lieve zus, broer en 
vader te hebben. Ik hou van jullie. Mem, in mijn hart zul je er altijd zijn. 
Bas, Tom en Stefan, mijn zonen, het leven met ons vieren is prachtig, daarom heb ik dit 
boekje ook voor jullie gemaakt. Bas, gelukkig ben ik met dit proefschrift jou nog net voor, 
veel succes met je natuurkundestudie, ben benieuwd wanneer jouw boekje klaar is. Tom, 
je geniet nu volop van het leven, en de ommezwaai van een technische naar een meer 
sociale opleiding past bij je. Stefan, je brede interesse leiden vaak tot leuke gesprekken, en 
als ik bezig was met dit proefschrift klonk bijna altijd jouw pianospel op de achtergrond. 
Liefs, papa! 





Nederlandse vertaling van de achterkant van dit proefschrift:  
 
De laatste jaren zien we een exponentiële toename in de hoeveelheid data die de genetische 
inhoud (de genomen) en de expressie daarvan (de transcriptomen) van bacteriën beschrijven. 
Om uit deze berg aan data biologische kennis te verwerven is een enorme uitdaging. Dit poef-
schrift beschrijft hoe complexe datasets kunnen worden gereduceerd tot en gevisualiseerd 
als eenvoudige en gestructureerde modellen. Deze voor de mens goed te interpreteren mod-
ellen maken het vervolgens mogelijk om waardevolle informatie te extraheren.  
Het BAGEL-algoritme is ontwikkeld om in de grote hoeveelheid bacteriële DNA-sequenties die 
wereldwijd in databases aanwezig is, genen te kunnen opsporen die coderen voor eiwitten 
(bacteriocines) met een anti-microbiële werking. Dit unieke systeem is toegankelijk via een 
gebruikersvriendelijke webserver en mede daardoor heeft Bagel geleid tot de ontdekking van 
nieuwe actieve bacteriocines. Hierover is intussen door verschillende onderzoeksgroepen 
gepubliceerd. Uiteindelijk zouden deze bacteriocines kunnen helpen bij het terugdringen van 
het (excessieve) gebruik van antibiotica of bij de ontwikkeling van alternatieve anti-microbiële 
strategieën. 
Verder beschrijft dit proefschrift PePPER, een webserver die gebruikt kan worden om gen-
regulatieprocessen te ontdekken. PePPER doet dit door gebruik te maken van bestaande da-
tabases en literatuurgegevens.  
Een aantal van de in dit proefschrift ontwikkelde technieken is ingezet om de groei in melk 
door de bacterie Lactococcus lactis te beschrijven in een computermodel. Dit model vormt 
een belangrijke bron voor de beschrijving van de processen die optreden tijdens de fer-
mentatie van melk door deze melkzuurbacterie, in feite de eerste stappen in het kaas-
bereidingsproces dat door deze industrieel en economisch belangrijke bacterie wordt uitge-
voerd.  
